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I NOT I CE 

Th is  r e p o r t  was prepared as an account o f  Government sponsored 
work. N e i t h e r  t h e  Un i ted  States,  no r  t h e  Nat iona l  Aeronaut ics  
and Space Admin i s t ra t i on  (NASA) ,  no r  any person a c t i n g  on beha l f  
o f  NASA: 

A . )  Makes any warranty  o r  representa t ion ,  expressed o r  
impl ied,  w i t h  respect  t o  t h e  accuracy, completeness, 
o r  usefulness o f  t h e  i n fo rma t ion  conta ined i n  t h i s  
repor t ,  o r  t h a t  t h e  use o f  any i n fo rma t ion ,  apparatus,  
method, o r  process d i sc losed  i n  t h i s  r e p o r t  may n o t  
i n f r i n g e  p r i v a t e l y  owned r i g h t s ,  o r  

B. )  Assumes any l i a b i l i t i e s  w i t h  respec t  t o  t h e  use of,  
o r  f o r  damages r e s u l t i n g  from t h e  use o f  any i n f o r -  
mation, apparatus, method o r  process desclosed i n  
t h i s  r e p o r t .  

As used above, "person a c t i n g  on beha l f  o f  NASA" inc ludes  
any employee or c o n t r a c t o r  o f  NASA, o r  employee of such con- 
t r a c t o r ,  t o  the  e x t e n t  t h a t  such employee o r  c o n t r a c t o r  o f  NASA, 
o r  employee o f  such c o n t r a c t o r  prepares,  d isseminates,  o r  
p rov ides  access to, any i n fo rma t ion  pursuant  t o  h i s  employment 
o r  c o n t r a c t  w i th  NASA, o r  h i s  employment w i t h  such c o n t r a c t o r .  

I 

Requests f o r  copies of t h i s  r e p o r t  should be r e f e r r e d  t o  

Nat iona l  Aeronaut ics and Space A d m i n i s t r a t i o n  
O f f i c e  of S c i e n t i f i c  and Technical  I n fo rma t ion  
A t t e n t i o n :  AFSS-A 
Washington, D. C. 20546 
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NEUTRON FLUX DISTRIBUTIONS: (EXPERIMENT VS.  THEORY) 
FOR A WATER REFLECTED-SPHERICAL CAVITY SYSTEM 

by 

F l o r o  M i r a l d i ,  George W. Nelson, Gary Holmberg and Gera ld Skoff 

ABSTRACT 

Neutron f l u x  d i s t r i b u t i o n s  were measured i n  a system c o n s i s t i n g  

o f  a l a r g e  spher ica l  c a v i t y  i n  water.  Mathematical  models were 

designed f o r  t h e  exper iments and t h e o r e t i c a l  neut ron  f l u x  d i s t r i b u t i o n s  

c a l c u l a t e d .  Three c a v i t y  geometr ies were s t u d i e d  i n c l u d i n g  c o n c e n t r i c  

sphere systems. 

between 0.05 and four  atmospheres. Measurements were made by indium 

C a v i t y  f i I I ings were a i r  and BF3 a t  v a r i o u s  pressures 

f o i l  a c t i v a t i o n .  F o i l  a c t i v a t i o n  d i s t r i b u t i o n s  a r e  presented and 

r e l a t i v e  thermal f l u x  d i s t r i b u t i o n s  a r e  compared t o  c a l c u l a t e d  

f l u x e s .  Comparison o f  theory  and exper iment show good agreement. 

. 
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SUMMARY 

Experimental neutron f l u x  d i s t r i b u t i o n s  were measured i n  

a water  f i !  !ed  tank  c o n t a i n i n g  a 27-inch diameter spher i cs !  

c a v i t y  region. Neutrons were provided by a p lu ton ium-bery l l i um 

neut ron  source loca ted  a t  t h e  cen te r  of  t h e  c a v i t y ,  and bare 

cadmium-covered indium f o i l s  were used t o  determine t h e  

ron  f l u x  d i s t r i b u t i o n s  i n  both t h e  c a v i t y  and moderator 

ons. Three separate c a v i t y  systems were examined i n c l u d i n g  

s imp le  c a v i t y ,  a concen t r i c  sphere system w i t h  a 9-inch 

w i t h  diameter i n t e r i o r  sphere, and a c o n c e n t r i c  sphere system 

a 12-inch diameter i n t e r i o r  sphere. 

F o i l  a c t i v a t i o n  d i s t r i b u t i o n s  and thermal neut ron  f 

d i s t r i b u t i o n s  a r e  presented f o r  t h e  severa l  c a v i t y  geome 

ux 

r i e s  

w i t h  c a v i t y  f i l l i n g s  of boron t r i f l u o r i d e  gas t o  s imu la te  a 

uranium g a s - f i l l e d  c a v i t y .  

t h e  i n t e r i o r  sphere was f i l l e d  w i t h  boron t r i f l u o r i d e  t o  s imu la te  

f u e l  c o n t r a c t i o n ,  and f o r  these, va r ious  gas pressures were used 

t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  va ry ing  abso rp t i on  i n  t h e  c a v i t y .  

I n  t h e  c o n c e n t r i c  sphere cases o n l y  

The s t u d i e s  undertaken here a r e  ex tens ions  o f  a p rev ious  

s tudy  ( I ) .  - I n  p a r t i c u l a r ,  BF3 f i l l i n g  pressures i n  t h e  s imp le  

c a v i t y  were extended t o  values below one atmosphere and i n  t h e  

c o n c e n t r i c  sphere systems, t h e  pressures were increased t o  4 

atmospheres i n  t h e  9- i  nch i n t e r i o r  sphere. The genera I fea tures  

of  t h e  d i s t r i b u t i o n s  a re  as expected and t h e  f l u x  peaking i n  t h e  

c a v i t y ,  which was a d i s t r u b i n g  f e a t u r e  o f  t he  prev ious  study, i s  

exp la ined.  

An ex tens i ve  t h e o r e t i c a l  study o f  t h i s  system was undertaken 



and t h e  e s s e n t i a l  f e a t u r e s  of  it are  presented. Neutron f l u x  

d i s t r i b u t i o n s  were c a l c u l a t e d  f o r  t h e  c a v i t y  system u s i n g  a 

mul t ig roup d i f f u s i o n  theory,  t h e  S method and an i n t e g r a l - a g e  

method. 

very good. 

N 

Agreement between t h e  SN procedure and exper iment  i s  

I t  i s  shown i n  t h e  study t h a t  c a l c u l a t i o n s  based on 

d i f f u s i o n  theory  may be i n  e r r o r ,  and t h a t  i n  genera l ,  c r i t i c a l  

mass determinat ions by t h i s  method w i l l  be low. I t  i s  a l s o  shown 

t h a t  t h e  neutron energy spectrum i s  hardened cons iderab ly  as one 

progresses t o  t h e  c e n t e r  o f  t h e  cav t y  and t h a t  such spectrum 

changes must be considered i n  c a l c u  a t i o n s  of  t h e  neut ron  

i n t e r a c t i o n  r a t e s  i n  t h e  c a v i t y .  The d i f f e r e n c e s  among t h e  

var ious  t h e o r i e s  a r e  shown t o  be g r e a t e s t  f o r  t h e  systems w i t h  

i n t e r n a  I spheres where t h e  absorb i ng gas concent ra t  ions a r e  

h i ghest.  

F i  na 

ments f o r  

l y ,  as an i n t e r e s t  

two sphere systems 

ng aside, neut ron  l i f e t i m e  measure- 

a r e  presented. 
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I NTRODUCT I ON 

I n  a p rev ious  r e p o r t  ( 1 )  - a s tudy  o f  neut ron  d i f f u s i o n  i n  

i 

c a v i t y  media was descr ibed. I n t e r e s t  i n  such a study centered  

around t h e  " c a v i t y  r e a c t o r "  concept. Th i s  r e a c t o r  system c o n s i s t s  

o f  a low dens i t y  i n t e r i o r  region surrounded by an ex te rna l  r e f l e c t o r -  

moderat i ng reg  ion. 

The prev ious  study involved t h e  measurement o f  t h e  thermal 

neut ron  f l u x  i n  a system composed of a la rge  spher i ca l  c a v i t y  i n  

water.  Three separate systems were considered: 

( 1 )  Spher ical  c a v i t y  about 27 inches i n  diameter i n  water 

( 2 )  The same as ( 1 )  w i t h  a c o n c e n t r i c  12 inch  i nne r  spher i ca l  
c a v i t y  

( 3 )  The same as ( 1 )  w i t h  a c o n c e n t r i c  9 i nch  i nne r  spher i ca l  
c a v i t y .  

The p a r t i c u l a r  exper imental  cases presented were: 

( 1 )  S i n g l e  c a v i t y  w i t h  one atmosphere a i r  f i l l i n g  

( 2 )  S i n g l e  c a v i t y  w i t h  one atmosphere BF f i l l i n g  

( 3 )  Concent r i c  sphere system w i t h  12 inch  i nne r  sphere 

3 

and BFj f i l l i n g s  o f  I ,  2, and 2.5 atmospheres i n  

t h e  i nne r  sphere 

( 4 )  Concent r i c  sphere system w i t h  9 i nch  i nne r  sphere 
and BF f i l l i n g s  o f  I ,  2, and 3 atmospheres i n  t h e  

3 
i nne r  sphere 

( 5 )  No c a v i t y  

The present  r e p o r t  dea ls  w i th  t h e  ex tens ion  o f  these c a v i t y  

exper iments and t h e  t h e o r e t i c a l  t rea tmen t  o f  such systems. I n  

3 
p a r t i c u l a r ,  t h e  exper iments conducted were f o r  low pressure  BF 

f i l l i n g s  i n  t h e  s imp le  c a v i t y  of 0.05, 0.1, 0.2 and 0.5 atmospheres; 

f o u r  atmospheres of  BF3 i n  t h e  n ine  inch  i nne r  sphere system and 

t h r e e  atmospheres o f  BF3 i n  t h e  12 inch  i n n e r  sphere system. 
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The t h e o r e t i c a l  t rea tment  cons iders  mu l t i g roup  d i f f u s i o n  

procedures, t h e  SN method, and combined in teg ra l -age  method f o r  

t h e  i n t e r i o r  and e x t e r i o r  f l u x e s .  The r e s u l t s  agree we l l  w i t h  t h e  

experiments and i n  a d d i t i o n  y i e l d  i n t e r e s t i n g  i n s i g h t  i n t o  t h e  

behavior  o f  t h e  neutron f l u x e s  i n  these systems. 

A separate s e t  o f  exper iments were conducted t o  measure t h e  

neutron l i f e t i m e s  i n  two p a r t i c u l a r  systems. These exper iments 

were performed o n l y  f o r  t h e  purpose o f  i n v e s t i g a t i n g  t h e i r  

f e a s i b i l i t y .  The r e s u l t s  a re  presented b u t  no t h e o r e t i c a l  t r e a t -  

ment i s  given. 
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DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL PROCEDURE 

The Experimental Assembly 

The equipment and precedures used i n  t h i s  work a r e  e s s e n t i a l l y  

t h e  same as t h e  ones used i n  p rev ious l y  repo r ted  exper iments ( I ) ,  - 
and t h e r e f o r e  w i l l  n o t  be presented i n  d e t a i l  here. Only a summary 

i s  presented below f o r  t h e  convenience o f  t h e  reader. 

The exper imental  system cons is ted  o f  a spher i ca l  c a v i t y  o f  26-5/8 

inch-diameter spun aluminum hemispheres welded t o g e t h e r  and c o n t a i n i n g  

e i t h e r  a c o n c e n t r i c  12-inch-d ameter i n t e r n a l  sphere, a 9- inch-dia- 

meter i n t e r n a l  sphere, o r  no n te rna l  sphere. T h i s  spher i ca l  c a v i t y  

was anchored i n  t h e  m idd le  of a four - foo t -d iameter  by four- foot-deep 

c y l i n d r i c a l  t ank  o f  water.  A 1-1/8 inch  I D  aluminum tube passed 

th rough t h e  c e n t e r  o f  t h e  spheres and th rough t h e  s ides  o f  t h e  water 

tank .  A one-cur ie  Pu-Be source was p laced i n  t h i s  ' through-tube'  a t  

t h e  cen te r  o f  t h e  spheres. A l l  i r r a d i a t i o n  o f  indium f o i l s  i n s i d e  t h e  

c a v i t y  and some t r i a l  runs ou ts ide  t h e  c a v i t y  were done i n  t h i s  tube. 

F o i l s  i r r a d i a t e d  o u t s i d e  t h e  c a v i t y  were a l s o  loca ted  i n  t h e  water i n  

p l a s t i c  ho lde rs  a t tached t o  a l u c i t e  rod. The t r i a l  runs showed t h e  

indium a c t i v a t i o n  o u t s i d e  t h e  c a v i t y  t o  be about 25 pe rcen t  less  i n  

t h e  through-tube compared w i t h  t h e  corresponding in-water data. I t  was 

suspected t h a t  t h i s  was due t o  neut ron  streaming i n  t h e  through-tube, 

and so a l l  f u r t h e r  i r r a d i a t i o n s  o u t s i d e  t h e  c a v i t y  were done i n  t h e  

water. Some unavoidable p e r t u r b a t i o n s  may have been in t roduced i n t o  

t h e  system by t h e  presence o f  the through-tube. These p e r t u r b a t i o n s  

a r e  due t o  t h e  presence o f  aluminum i n s i d e  t h e  sphere and t h e  absence 

o f  BF gas i n  t h e  volume immediately sur round ing  t h e  f o i l s .  3 

The indium f o i l s ,  which were 1.20 cm i n  diameter and .005 inches 
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t h i c k ,  were i r r a d i a t e d  bo th  bare and w i t h  .OZO-Inch-thick cadmium 
t 

covers . 
Counti  na Procedure 

The f o i l s  were counted w i t h  an Oh 

gas f l o w  counter which used a coun t ing  

o-Nuclear Model I 

gas of  90 percen t  

I f ou r -p i  

argon and 

I O  percent  methane, I n  t h e  prev ious  work repo r ted  ( I ) ,  - a l l  da ta  

were taken as s i n g l e  I O  minute counts recorded on a R l D L  Model 

49-23 sca le r .  Such a procedure l ed  t o  d i f f i c u l t i e s  i n  separa t i ng  

t h e  54 minute a c t i v i t y  from t h e  4-1/2 hour a c t i v i t y  o f  indium. 

Accordingly,  t h e  coun t ing  procedure f o r  t h e  work repo r ted  h e r e i n  

was changed t o  a more accura te  method. 

I n  the  present  work coun t ing  was done w i t h  a TMC Model 

CN-I10,256 channel ana lyzer  w i t h  a Model 214 m u l t i - s c a l e r  p l u g - i n  

u n i t .  Th is  system was s e t  up t o  r e g i s t e r  consecut ive  I O  minute 

counts f o r  several  hours. The da ta  were reduced by a computer 

program which made a l e a s t  squares f i t  t o  t h e  f u n c t i o n  

Ae - X l t  + Be-A2t + C, where h l  i s  t h e  t i m e  decay cons tan t  o f  

t h e  54-minute h a l f  i f e  o f  indium-116, X 2  i s  t h e  decay cons tan t  o f  

t h e  4-1/2 hour exc t e d  s t a t e  o f  indium-115 caused by i n e l a s t i c  

s c a t t e r i n g  o f  f a s t  neutrons from t h e  source, and A, B and C a r e  

cons tan ts .  The l e a s t  squares program separa te l y  found t h e  

a c t i v i t y  cor rec ted  fo r  background o f  t h e  54-minute component and 

t h e  4-1/2 hour component a t  t h e  end o f  i r r a d i a t i o n .  

c 
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EXPER I MENTAL RESULTS 

Th is  s e c t i o n  presents  t h e  exper imental  r e s u l t s  ob ta ined f o r  t h e  

V 

( 1 )  

(2) 

( 3 )  

( 4 )  

The resu 

found i n  

t h e  resu 

v a r i o u s  cases s tud ied .  These inc lude 

S i n g l e  c a v i t y  w i t h  BF3 f i l l i n g s  o f  0.05, 0.1, 0.2, 0.5 

and I .O atmospheres pressure 

Concentr ic  sphere system w i t h  12 inch  i n n e r  sphere and 
BF3 f i l l i n g  o f  3 atmospheres pressure i n  t h e  i n n e r  sphere 

Concentr ic  sphere system w i t h  9 i n c h  i n n e r  sphere and 
BF f i l l i n g  o f  4 atmospheres pressure i n  t h e  i n n e r  sphere 

Neutron l i f e t i m e  measurements (See Appendix A ) .  

3 

t s  a r e  presented i n  t h i s  s e c t i o n  i n  t a b u l a r  form o n l y  and a r e  

Table I .  T h i s  sec t ion  begins w i t h  some general  comments about 

t s  and f o l l o w s  w i t h  a d i s c u s s i o n  o f  p a r t i c u l a r  cases. The 

s e c t i o n  is concluded by a d iscuss ion o f  t h e  da ta  r e d u c t i o n  procedures 

and t h e  exper imental  p r e c i s i o n .  

Genera I Comments 

A l l  data r e l a t i v e  t o  these exper iments (except  l i f e t i m e  measure- 

ments) a r e  presented i n  Table I .  The da ta  presented a r e  r e l a t i v e ,  

54 minute h a l f - l i f e ,  indium f o i l  a c t i v a t i o n s .  These data a r e  those 

d i r e c t l y  r e l a t e d  t o  t h e  thermal neut ron  f l u x  d i s t r i b u t i o n s .  

The r e s u l t s  f o r  t h e  i n t e r i o r  reg ions  were ob ta ined i n  t h e  t h r o u g h  

tube and t h e  r e s u l t s  f o r  t h e  e x t e r i o r  reg ion  were ob ta ined by 

i r r a d i a t i n g  f o i l s  i n  t h e  l u c i t e  ho lders*  suspended i n  t h e  water.  

The in-water data were obta ined a long two d i f f e r e n t  r a d i i .  I n  one 

case t h e  f o i l s  were p laced along a l i n e  i n  t h e  same v e r t i c a l  p lane 

as t h e  through-tube and i n c l  ined a t  an ang le  o f  45O t o  it. I n  t h e  

* Th is  data w i l l  be r e f e r r e d  t o  as in-water da ta  i n  t h e  f o l l o w i n g .  



- 6 -  

o t h e r  case, t h e  f o i l s  were a long a r a d i u s  i n  a p lane  normal t o  t h e  

through-tube and a l s o  i n c l i n e d  45 t o  t h e  h o r i z o n t a l  p lane. Th is  

cho ice  of two d i f f e r e n t  r a d i a l  p o s i t i o n s  f o r  in-water i r r a d i a t i o n s  

was un fo r tuna te  s ince  it was l a t e r  found t h a t  t h e  neut ron  source was 

asymmetric. The in-waTer da ta  thus  has an a d d i t i o n a l  spread; t h i s  

p o i n t  i s  discussed i n  t h e  f o l l o w i n g  sec t i ons .  

0 

I t  s h o u l d  be noted here  t h a t  t h e  a c t i v a t i o n  data presented i s  

i n  r e l a t i v e  u n i t s  and a r e  c o n s i s t a n t  o n l y  f o r  any one column i n  

Table I .  Through i t  was o u r  aim t o  make t h e  n o r m a l i z a t i o n  f o r  

d i f f e r e n t  cases a I ways t h e  same, a d i r e c t  po i  n t  by po i  n t  comparison 

between columns i s  n o t  recommended. To o b t a i n  a comparison between 

systems i t i s  necessary t o  prepare graphs o f  t h e  da ta  i n  Tab le  I 

and compare shapes. 

on such comparisons. 

A c t i v a t i o n  P r o f i l e s  

The comments made i n  t h e  f o l l o w i n g  a r e  based 

Though t h e  a c t i v a t i o n  p r o f i l e s  d i f f e r  g r e a t l y  i n  t h e  i n t e r i o r  

reg ion  f o r  d i f f e r e n t  systems, t h e  a c t i v a t i o n  i n  t h e  e x t e r i O r  r e g i o n  

a few inches from t h e  sphere su r face  shows l i t t l e  change from one 

system t o  another. T h i s  i s  t o  be expected s i n c e  t h e  thermal f l u x  

deep i n  the  water i s  c l o s e l y  r e l a t e d  t o  t h e  f a s t  f l u x  va lue  a t  

t h a t  p o i n t  and t h e  f a s t  f l u x  i s  n o t  g r e a t l y  a f f e c t e d  by changes 

i n  t h e  BF3 f i  i I ing.  

Close  t o  t h e  source one observes an increase i n  t h e  amount 

of s c a t t e r  among data  p o i n  

t o  have the l e a s t  s c a t t e r ,  

4-1/2 hour a c t i v i t y  co r rec  

s t a t i s t i c a l  e r r o r s  from t h  

s. Although, one expects t h i s  r e g i o n  

s ince  t h e  count  r a t e  i s  h i g h e s t  here, t h e  

ions a re  g r e a t e s t  near t h e  source and t h e  

s r e l a t i v e l y  low a c t i v i t y  a r e  r e f l e c t e d  
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i n  t h e  data. 

I n  t h e  s i n g l e  sphere system a t  0.05 and 0.1 atmosphere BF3 

f i l l i n g ,  r a t h e r  s i g n i f i c a n t  drops i n  a c t i v i t y  a r e  observed a t  t h e  

i n t e r f a c e .  These a r e  r e a l  and rep roduc ib le  b u t  a r e  unexplained a t  

t h i s  t ime.  

show t h i s  d i p  i n  su r face  f l u x .  Since f l u x  peaking i n  t h e  water 

becomes s i g n i f i c a n t  a t  these h igher  pressures, it i s  probable t h a t  

t h e  f l u x  suppression a t  t h e  surface i s  compensated f o r  by t h i s  

peaking. 

Measurements a t  h igher  p ressure  o f  BF3, however, do n o t  

Data a t  d is tances  o f  0.5, 1.5 and 2.5 inches from t h e  sphere 

su r face  i n  t h e  water were found t o  be c o n s i s t a n t l y  h ighe r  than  

expected i n  a l l  sphere systems a t  a l l  pressures.  ?he cause i s  

t r a c e d  t o  t h e  f a c t  t h a t  these p o i n t s  were a l l  taken along t h e  r a d i u s  

i n  t h e  p lane  pe rpend icu la r  t o  t h e  through-tube. 

an i so t ropy  o f  t h e  source revealed t h a t  t h e  emission o f  t h e  source i n  

d i r e c t i o n s  normal t o  t h e  a x i s  was about t h r e e  pe rcen t  h ighe r  than 

along t h e  a x i s .  Unfor tunate ly ,  t h i s  measurement can n o t  be a p p l i e d  

d i r e c t l y  t o  c o r r e c t  these a c t i v i t i e s  s i n c e  t h e  thermal f l u x  near t h e  

su r face  i s  a f u n c t i o n  of  more than t h e  source emission i n  t h e  d i r e c t i o n  

of t h e  f o i l .  There i s  l i t t l e  quest ion,  however, t h a t  t h e  a n i s o t r o p i c  

na tu re  of  t h e  source i s  t h e  cause o f  t h e  displacement o f  these p o i n t s .  

A measurement o f  t h e  

Since t h e  e f f e c t  o f  t h e  an iso t ropy  of  t h e  source i s  d imin ished 

as one proceeds deeper i n t o  the  e x t e r n a l  region, t h e  in-water da ta  

p o i n t s  along t h e  two d i f f e r e n t  r a d i i  become more convergent and t h e i r  

d i f f e r e n c e s  a r e  q u i c k l y  l o s t  i n  t h e  s t a t i s t i c a l  coun t ing  e r r o r s .  I n  

o b t a i n i n g  t h e  thermal f l u x  from t h e  a c t i v a t i o n  data, a smooth curve  

i s  drawn th rough t h e  da ta  po in ts  and i n  t h i s  work, t h e  da ta  a t  0.5, 



1.5 and 2.5 inches from t h e  sphere sur face  Were neglected; though, i n  

a l l  cases these p o i n t s  a r e  shown on t h e  graphs. Hence, t h e  p r o f i l e s  

ob ta ined here are  those expected a 

p lane o f  t h e  through-tube and i n c l  

t h a t  t h e  data i s  a f u n c t i o n  o f  t h e  

r e l a t i v e  t o  t h e  a x i s  o f  t h e  source 

c 

ong t h e  r a d i u s  l y i n g  i n  t h e  v e r t i c a l  

ned a t  45' t o  it. 

angu lar  p o s i t i o n  o f  t h e  f o i l s  

and t h e r e f o r e  s I i g h t  I y d i f f e r e n t  

I t  i s  emphasized 

p r o f i l e s  w i I  i be ob ta ined a t  d i f f e r e n t  angles. 

F I  ux D i s t r i b u t i o n s  

The r e  I a t i  ve neh-ron f I ux d i s t r i b u t i o n s  were ob ta ined from t h e  

a c t i v a t i o n  data and are  presented i n  t h e  s e c t i o n  on t h e  "Comparison 

of  Theory and Experiment" where t h e  reader .w i  I I f i n d  a d e s c r i p t i o n  

of  t h e  r e s u l t s  as w e l l  as an e x p l a n a t i o n  o f  some o f  t h e  p e c u l i a r i t i e s  

d i f f e r e n c e s  between cases 

t h e  d i f f e r e n c e s  a r e  usual 

According I y, an "average" 

T h i s  average va l  ue was ob 

observed, 

The r e l a t i v e  f a s t  tepicadmium) f l u x  i s  g i v e n  by t h e  cadmium- 

covered f o i l  data.  ! n  Tabie i t h r e e  separate cases a r e  presented 

and one "average vaiue" column Is g i v e n "  As can be seen, t h e  

i s  small  and f o r  t h e  count  r a t e s  used, 

y w i t h i n  one count ing  s tandard d e v i a t i o n .  

cadmium covered a c t i v i t y  i s  presented. 

a ined by p l o t t i n g  a l l  t h r e e  cases on t h e  

same graph, passing t h e  "best"  smooth curve  through t h e  p o i n t s ,  and 

us ing  t h e  curve va lue as t h e  b e s t  r e p r e s e n t a t i v e  o f  t h e  da ta  a t  a p o i n t .  

The r e l a t i v e  thermal: f i u x  was ob ta ined as t h e  d i f f e r e n c e  o f  t h e  bare 

f o i l  da ta  and t h e  "average" cadmium covered data as presented i n  Table I 

a f t e r  i t  i s  c o r r e c t e d  fo r  f l u x  depression i n  resonance a b s o r p t i o n  by cadmium. 

The cadmium c o r r e c t i o n  f a c t o r  used was 1.07 and t h e  f l u x  depress ion c o r r e c t i o n  

f a c t o r s  used were 1.00 I n  t h e  c a v i t y  r e g i o n  and 1.18 i n  t h e  water 

V 
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reg ion.  The cho ice  o f  these p a r t i c u l a r  c o r r e c t i o n  f a c t o r s  i s  discussed 

i n  re fe rence I .  

Reduct ion o f  Experimental F o i l  Data 

Many s i m p l i f i c a t i o n s  were p o s s i b l e  i n  t h i s  work s ince  o n l y  

r e l a t i v e  data were needed. Add i t iona l  reduc t i on  o f  t h e  number o f  

c o r r e c t i o n s  needed were poss ib le  i n  many cases by employing c e r t a i n  

exper imental  techniques such as us ing  a cons tan t  count  pe r iod  and 

exposing t h e  f o i l s  t o  s a t u r a t i o n  va lues.  

The delay between t h e  removal o f  t h e  f o i l  from i r r a d i a t i o n  t o  

t h e  s t a r t  o f  count ing  was always a t  l e a s t  I O  minutes so t h a t  a l l  t h e  

13 second h a l f - l i f e  a c t i v i t y  could be neglected.  The f o i l s  were 

counted by an automat ic  system which made consecut ive  I O  minute 

counts f o r  severa l  t o  many hours. The data ob ta ined were then reduced 

by a computer program which made a l e a s t  squares f i t  t o  t h e  f u n c t i o n  

Ae + Be 

t h e  54-minute h a l f - l i f e  o f  indium-116, A2 i s  t h e  decay cons tan t  o f  

t h e  4-1/2 hour e x c i t e d  s t a t e  of  indium-115 caused by i n e l a s t i c  

s c a t t e r i n g  o f  f a s t  neutrons from t h e  source, and A, B and C a r e  con- 

s t a n t s .  The l e a s t  squares program found t h e  i n i t i a l  a c t i v i t y  o f  t h e  

54-minute component a t  t h e  t i m e  o f  removal, co r rec ted  f o r  background 

and t h e  4-1/2 hour component; f u r t h e r  c o r r e c t i o n s  were made f o r  f o i l  

weight,  i r r a d i a t i o n  t ime, and de tec tor  no rma l i za t i on .  

+ C, where A i  i s  t h e  t i n e  decay cons tan t  o f  -h2t  

Counter r e s o l v i n g  t ime  c o r r e c t i o n s  were n o t  necessary because 

of t h e  low count  r a t e s  invo lved.  Other  c o r r e c t i o n s  o f t e n  employed, 

such as f i n i t e  s i z e  source and d e t e c t o r  c o r r e c t i o n s ,  were n o t  con- 

s idered  approp r ia te  f o r  t h e  p resen ta t i on  here and t h e r e f o r e  were n o t  

appl  ied.  
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Experimenta I E r r o r s  

I t  i s  ext remely difficult t o  perform a r i g o r o u s  e r r o r  a n a l y s i s  

o f  t h e  data o f  t h i s  r e p o r t ;  however, it i s  f e l t  t h a t  such i s  n o t  

needed f o r  t h i s  da ta  t o  have meaning fo r  t h e  purposes considered 

he re. 

I n  general,  f o r  t h e  bare f o i l  data, t h e  d e v i a t i o n s  of  t h e  da ta  

i n  t h e  c a v i t y  r e g i o n  from a smooth curve through them i s  o n l y  a 

f r a c t i o n  o f  one percent ;  t h e  maximum observed i s  about two percent .  

A t  t h e  count r a t e s  used, t h e  s tandard d e v i a t i o n  i s  about one percent .  

The same s t a t i s t i c s  were found f o r  t h e  in-water  data.  The 

d iscrepancies a t  0.5, 1.5, and 2.5 inches from t h e  s u r f a c e  o f  t h e  

sphere have a l ready  been discussed. 

For t h e  cadmium covered data, t h e  d e v i a t i o n s  a r e  cons iderab ly  

h i g h e r  reach ng a maximum o f  about e i g h t  percent  b u t  averaging about 

t h r e e  percen e T h i s  i s  expected s i n c e  +he count  r a t e s  were much 

lower and one standard d e v i a t i o n  i s  about t h r e e  percent .  

Therefore I t  appears t h a t  throughout  t h e  exper iment,  t h e  v a r i a t i o n s  

e x h i b i t e d  by t h e  da ta  can be a t t r i b u t e d  p r f m a r i l y  t o  count ing  s t a t i s t i c s .  
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Table I 

Tabu la t i on  of  F o i l  A c t i v a t i o n  Data 

I n  t h e  f o l l o w i n g  t a b u l a t i o n  r e l a t i v e  54 minute h a l f - l i f e  

a c t i v i t i e s  o f  i r r a d i a t e d  indium fo i  I s  a re  presented. Both bare 

and cadmium covered f o i l  a c t i v i t i e s  a r e  g ven fo r  t h e  t h r e e  

systems inves t i ga ted .  Distances a r e  measured from t h e  c a v i t y  

center .  The cav i t y -wa te r  i n t e r f a c e  occurs a t  13.31 inches from 

t h e  center .  T h i s  i s  denoted i n  t h e  Table by a h o r i z o n t a l  l i n e  

above t h i s  p o i n t .  The data above t h e  h o r i z o n t a l  l i n e  was taken 

i n  t h e  through tube and t h e  13.537 inch  p o i n t  i s  a c t u a l l y  beyond 

t h e  cav i t y  boundary. 



- 12 - 

Dis tance from cen te r  
( i nches) 

I .037 
I .537 
2.037 
2.537 
3.037 
4.037 
5.037 
7.037 
9.037 

I I .037 
12.037 
13.037 
13.537 

Bare f o i  I s  
0.05 atm BF3 i n  

no inner  sphere system 

I835 
2072 
2082 
2053 
2175 
2053 
201 I 
2009 
1910 
2022 
I952 
I890 
I780 

4 
Bare f o i  I s  
0.1 atm BF3 i n  

no i nne r  sphere system 
L 

2016 
2043 
21 I I 
2136 # 

2076 
2106 
2131 
2084 
21 12 
2078 
2066 
2005 
I973 

13.31 
13.81 
14.31 
14.81 
15.31 
15.81 
16.31 
17.31 
19.31 
21.31 
23.31 
25.3 I 
27.31 

I784 
I930 
I854 
I890 
1515 
I596 
I243 
802 
473 
220 
I05 
51 
24 

I967 
2068 
I980 
2089 
! 797 
1819 
1463 
I028 
557 
277 
131 
74 
35 
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t 

1 

*' 

D i  s tance from center  
( i nches) 

I .037 
I .537 
2.037 
2.537 
3.037 
4.037 
5.037 
7.037 
9.037 

I I .037 
12.037 
13.037 
13.537 

Bare fo i  I s  
0.2 a t m  BF i n  3 
no inner  sphere system 

1691 
I696 
I787 
1761 
I769 
I769 
I774 
I749 
I729 
I733 
1712 
I704 
I702 

Bare f o i  I s  
0.5 atm BF3 i n  

no inner  sphere system 

1156 
I I19 
1185 
i147 
1154 
1213 
1026 
1160 
1181 
1182 
1124 
1170 
1302 

13.31 
13.81 
14.31 
14.81 
15.31 
15.81 
16.31 
17.31 
19.31 
21.31 
23.31 
25.31 
27.31 

I659 
I847 
I902 
2019 
I707 
I789 
I504 
I088 
560 
280 
! 43 
74 
30 

1215 
1492 
1716 
1913 
1762 
1500 
1394 
1065 
565 
280 
141 
65 
25 

, 
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D I  stance f rorn c e n t e r  
( i nches 1 

I .037 
2.037 
3.037 
4.037 
5.037 
6.037 
7.037 
8.037 
9.037 

10.037 
I I .037 
12.037 
13.037 

Bare f o i  I s  
I atrn BF3 i n  

no i nne r  sphere system 

78 1 
773. 
752 
718 
778’1 
763 
763 
77 I 
748 
770 
765 
728 
849 

13.31 
14.31 
15.31 
17.31 
18.3i 
19.31 
20.3 I 
21.31 
22.31 
23.31 
24.31 
25.31 
26.31 

988 
619 
598 
044 
745 
554 
368 
278 
I69 
I35 
97 
64 
34 
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t 

I 

V' 

Distance from center  
( i nches 1 

1.037 
I .537 
2.037 
2.537 
3.037 
4.037 
5.037 
6.037 
7.037 
8.037 
9.037 

10.037 
I I .037 
12.037 
13.037 
13.537 

Bare f o i  I s  
4 a tm BF3 i n  

9" inner  sphere system 

I094 
I151 
I208 
1129 
1291 
1325 
I588 
I667 

I768 

I762 

---- 
---- 
--_- 
---- 
I734 
I705 

Bare f o i  I s  
3 atm BF3 i n  

12" i nne r  sphere system 

97 I 
927 

1015 
I025 
I047 
I086 
I209 

1436 

I450 

I453 
1590 
1435 
1417 

---- 

---- 
---- 

~ ~~ 

13.31 
13.81 
14.31 
14.81 
15.31 
15.81 
16.31 
17.31 
19.31 
21.31 
23.31 
25.31 
27.31 

1716 
I736 
I634 
I702 
I539 

121 I 
935 
460 
224 
I19  
I23  

15 

---- 

I359 
I543 
I546 

I479 
I408 
1219 
855 
448 
240 
I l l  
62 
30 

---- 
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Dis tance from cen te r  
( i nches) 

I .037 
I .537 
2.037 
2.537 
3.037 
4.037 
5.037 
6.037 
7.037 
8.037 
9.037 

10.037 
I I .037 
12.037 
13.037 
13.537 

Cadm i um covered 
f o i l  a c t i v a t i o n  
f o r  9 inch  
i n n e r  sphere sys.tem 

334 
233 
236 

213 
I98 
I87 
199t 

--- 

--- 
I84 
I89 
I67 

Cadm i um covered 
f o i l  a c t i v a t i o n  
f o r  12 inch  
i n n e r  sphere system 

238 
21 5 
I80 
234 
207 
I87 
175. 
I79 
I88 

I89 

I73 
I83 
I72 
I59 

--- 
--- 

J 

13.31 
13.81 
14.31 
15.31 
15.81 
16.31 
17.31 
19.31 
21.31 
23.31 
25.31 

I58 
I52 
1448 
I25 
I15 
84 
67 
32 
17 
14.  

--- 

I59 
161 
I39 
I26 
IO9 
87 
48 
24 
12 
9 
4 

.. 



k 

J 

D i  stance from c e n t e r  
( i nches) 

I .037 
I .537 
2.037 
2.537 
3.037 
4.037 
5.037 
7.037 
9.037 

I I .037 
12.037 
13.037 
13.537 

- 17 - 

Cadmi um covered 
fo i  I a c t i v a t i o n  
f o r  no i n n e r  
sphere system 

256 
241 
233 
209 
22 I 
204 
I94 
I99 
207 
I88 
I98 
! 98 
I69 

Average a c t i v a t i o n  
o f  cadmi urn covered 
f o i  i s  

264 
250 
235 
224 
214 
! 47 
I92 
I90 
I90 
I90 
I90 
I90 
I85 

13.21 
13.81 
14.31 
14.81 
15.31 
15.81 
16.31 
17.31 
19.31 
21.31 
23.31 
25.31 
27.31 

I65 
I89 
I62 
I52 
141 
I17 
87 
63 

14 
36 
L" 

--- 

I78 
i 68 
I54 
! 40 
I24 
I05 
87 
61 
zn 

15 
2" 

.- 
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FLUX DISTRIBUTION CALCULATIONS * 

Three standard approaches - mul t igroup d i f f u s i o n ,  mu l t i g roup  Sn 

and age-d i f fus ion theory - a re  used t o  so l ve  f o r  f l u x  d i s t r i b u t i o n s  

i n  t h e  moderator. 

a l s o  g i v e  a s o l u t i o n  i n s i d e  t h e  c a v i t y .  The age s o l u t i o n  i s  v a l i d  

O f  these, t h e  mu l t i g roup  d i f f u s i o n  and Sn t h e o r i e s  

o n l y  i n  the moderator, so an i n t e g r a l  t r a n s p o r t  method i s  used t o  c a l -  

c u l a t e  i n t e r i o r  f luxes  based upon e x t e r i o r  f l u x e s  g i ven  by + h i s  theory.  

For the  mul t igroup approaches, s e l e c t i o n  o f  t h e  proper  cross 

sec t i on  set  i s  e s p e c i a l l y  important f o r  t h i s  system, because t h e  source 

has an energy spectrum r a d i c a l l y . d i f f e r e n t  from t h e  f i s s i o n  spectrum, 

(see Figure I )  and because t h e  system conta ins a la rge  volume o f  n e a r l y  

pure absorber which can cause considerable changes i n  t h e  thermal neu- 

t r o n  spectrum. Cross sec t i ons  s e t s  w i t h  2, 3, and 16 groups were used 

i n  p re l im ina ry  c a l c u l a t i o n s ,  b u t  these were inadequate t o  descr ibe t h e  

Pu-Be source energy spectrum and t h e  thermal spectrum changes i n  t h e  

BF3 gas. 

i n  Appendix B. 

A d e s c r i p t i o n  o f  t h e  cross s e c t i o n  s e t  used i s  presented 

. 
* The contents of t h i s  s e c t i o n  and t h e  nex t  two sec t i ons  a r e  presented 
i n  complete d e t a i l  i n  "Thermal Neutron Flux D i s t r i b u t i o n s  i n  a Water 
System wi th  an I n t e r n a l  Cavity," George W .  Nelson, Ph.D. Thesis, 
Case I n s t i t u t e  o f  Technology, November, 1966 (2 )  - 
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Figure  I. -- Comparison of  f i s s i o n  spectrum a n d  plutonium- 

bery I I i urn source spectrum - 
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Mu I ti group D i  f f  us i o n  

An e v a l u a t i o n  of  t h e  neutron f l u x  i n  t h e  water  g iven  by o r d i n a r y  

m u l t i g r o u p  d i f f u s i o n  theory  was done by a c e n t r a l  d i f f e r e n c e  tech-  

n ique5.  

a d iscuss ion  of t h e  means used t o  speed up convergence o f  t h e  computat ion 

i s  g iven  i n  re fe rence 2. 

A d e r i v a t i o n  o f  t h e  equat ions used i n  t h i s  computat ion and 

Since t h e  v a l i d i t y  of d ; f f u s i o n  t h e o r y  is quest ionab le  i n  reg ions 

where t h e  atomic d e n s i t y  i s  smal!, i n  media i n  which t h e  absorp t ion  

c ross  s e c t i o n  i s  much g r e a t e r  than t h e  s c a t t e r i n g  c ross  sec t ion ,  and 

near boundaries, t h e  a p p l i c a t i o n  o f  t h i s  procedure t o  t h e  present  

cases leads t o  ques t ioqab le  r e s u i t s  un less  comparisons are  made 

w i t h  a more r i g o r o u s  theory  o r  experiment. I t  Is understandable, 

however, tha+ because of  t h e  proven usefu lness o f  d i f f u s i o n  theory  

i n  o t h e r  s i t u a t i o n s ,  and because of t h e  d i f f i c u l t i e s  o f  u s i n g  o t h e r  

procedures a t  t h e  t i m e  t h a t  t h e  NASA groups6’7 and those a t  Douglas8 

d i d  t h e i r  work, t h a t  d i f f u s i o n  +heory was used f o r  c r i t i c a l  s t u d i e s .  

Accord ing ly ,  i n  t h i s  work a compar4sm of d i f f c s i o n  theory  w i t h  those 

of  o t h e r  t h e o r i e s  and experiments a r e  included. 

I n  o r d e r  t o  s i m p l i f y  t h e  comparison between t h e  f l u x e s  ob ta ined 

by Sn and by d i f f u s i o n  computations, t h e  same 26-group c ross  s e c t i o n  

s e t  f o r  water was used f o r  bo th  methods. 

p o r t ,  and a b s o r p t i o n  cross sec t ions  f o r  t h e  BFj  gas and source 

meta ls  were a l s o  used, b u t  a l  I s c a t t e r i n g  i n  these m a t e r i a l s  was 

assumed t o  leave neutrons ;n  t h e  same energy group. 

The same s c a t t e r i n g ,  t r a n s -  

I n  t h e  cross 



t s e c t i o n  s e t  used f o r  t h e  

col I i s ions ,  about .01 f o r  

gas, r e s u l t e d  i n  neutron 

spectrum and system geome 

Sn computation. 
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Sn computations, a small f r a c t i o n  o f  

the source metals and . O O l  f o r  t h e  BF3 

rans fe r  t o  o t h e r  energy groups. The source 

r y  were a l s o  i d e n t i c a l  t o  those used i n  the  

The d i f f u s i o n  equations were so lved a n a l y t i c a l l y  i n  t h e  source, 

t h e  gas, and t h e  vo id  regions, and t h e  constants invo lved i n  t h i s  

s o l u t i o n  gave a boundary c o n d i t i o n  r e l a t i n g  t h e  f l u x  a t  t h e  c a v i t y  

sur face  t o  t h e  ne t  c u r r e n t  there .  The s o l u t i o n  i n  t h e  water was then 

made by a n  i t e r a t i v e  cen t ra l  d i f f e r e n c e  method, 

The same o u t e r  boundary c o n d i t i o n  was used f o r  t h e  mu l t i g roup  

d i f f u s i o n  computations as was used i n  t h e  Sn computation -- t h a t  i s ,  

no r e t u r n  c u r r e n t  from t h e  ou te r  boundary o f  t h e  system. The f o l  low- 

ing  boundary c o n d i t i o n s  Were ijsed t o  eva l i ja te  t h e  f l u x  i n s i d e  t h e  

c a v i t y  and t o  g e t  t h e  boundary c o n d i t i o n s  f o r  t h e  water computation. 

( 1 )  F l u x  f i n i t e  a t  the  o r i g i n .  

( 2 )  @ source ( R s )  = 0 gas ( R s ) ,  where Rs i’s t h e  o u t e r  

( 3 )  -D source V @  source = -D gas V Q  gas + f i/4nRs2 a t  Rs, 

boundary o f  t h e  source. 

where f i  i s  t h e  f r a c t i o n  o f  source neutrons i n  group i .  

( 4 )  0 gas ( R 1 )  = 0 water ( R , ) ,  which equates t h e  f l u x  a t  t h e  
inner  sphere surface, R1 , t o  t h e  f l u x  a t  t h e  o u t e r  
sphere surface, R, . 

2 ( 5 )  -4nRg D water V @  water (R,) = - ~ I T R ~ D  gas V4 gas ( R l ) ,  
equat ing t h e  ne t  cu r ren t  o u t  o f  t h e  water t o  t h e  n e t  c u r r e n t  
i n t o  t h e  inner  sphere. 
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The Sn Method 

The S s o l u t i o n s  f o r  t h i s  system were run on Argonne Nat iona l  

Laboratory 's CDC 3600 computer, us ing  a d i s c r e t e  o r d i n a t e  S code 

c a l l e d  SNARG I D 9  , which i s  modeled a f t e r  t h e  Sn code DTF. 

o f  these codes a r e  based upon t h e  Sn d i s c r e t e  o r d i n a t e  method developed 

by Bengt G. Car lson a t  Los Alamos t o  so l ve  t h e  neutron t r a n s p o r t  

equat ion 1 0 J 1 l .  

n 

n 

Both 

Considerable l i t e r a t u r e  has been w r i t t e n  on t h e  sub jec t  o f  t h e  

mathematical model used i n  Sn codes 12'13 and t h e  reader i s  r e f e r r e d  

t o  t h e  references. 

I t  was found t h a t  t o  so lve  a problem con ta in ing  70 space p o i n t s  

i n  t h e  S4 approximat ion w i t h  a 26-group cross sec t i on  se t ,  9 groups 

o f  which conta in  upscat te r ing ,  about 70 o u t e r  i t e r a t i o n s  a re  re -  

qu i red  t o  b r i n g  about convergence w i t h  a convergence f a c t o r  o f  . O O O l .  
* 

The t o t a l  computing t ime per  problem i s  thus  about one hour. However, 

t h e  number o f  o u t e r  i t e r a t i o n s  needed t o  o b t a i n  convergence cou ld  be 

good i n i t i a l  f l u x  guess was used as i n p u t  t o  g r e a t l y  reduced when a 

- t h e  problem. I n  o rder  

were f i r s t  computed us 

sca t te r ing ,  which 

minutes o f  comput 

moving the  upscat 

requ i red  o n l y  one o u t e r  i t e r a t i o n  

ng t ime. The cross sec t i ons  were 

e r i n g  from t h e  water by t h e  forrnu 

t o  o b t a i n  such a good i n i t i a l  guess, t h e  f l u x e s  

ng a cross sec t i on  s e t  f o r  water w i t h  no up- 

and about f o u r  

obta i ned by re-  

ae 
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no upscat te r  upscat te r  upscat te r  

no upscat te r  

j+i U = o  i <j ( 2 )  

The Q i  

pheres o f  which was al lowed t o  run t o  complet ion a t  70 o u t e r  

i t e r a t i o n s  w i t h  upscat te r ing  present .  With t h i s  i n p u t  f l u x  guess, 

convergence was u s u a l l y  obta ined a f t e r  about I O  o u t e r  i t e r a t i o n s  w i t h  

t h e  u p s c a t t e r i  ng cross sec t  ion s e t .  

a re  t y p i c a l  water f l u x e s  from one problem w i t h  zero atmos- 

BF, 

One S16  c a l c u l a t i o n  was done, and t h e  f l u x  shapes were n o t  

found t o  d i f f e r  s i g n i f i c a n t l y  from an S 4  c a l c u l a t i o n  of t h e  same 

problem. I t  was concluded t h a t  an SL, c a l c u l a t i o n  i s  s u f f i c i e n t l y  

accurate f o r  c a l c u l a t i n g  f l u x  shapes; t h i s  was f o r t u i t u o u s ,  s i n c e  t h e  

i t e r a t i o n  t ime requ i red  per problem i s  roughly  p r o p o r t i o n a l  t o  t h e  

Sn order .  

For a l l  o f  t h e  Sn c a l c u l a t i o n s ,  a r e f l e c t i v e  boundary c o n d i t i o n  

was used a t  t h e  o r i g i n .  Incoming c u r r e n t s  were taken as zero a t  t h e  

o u t s i d e  boundary of  t h e  system. An i s o t r o p i c  source was d i s t r i b u t e d  

throughout t h e  source volume a t  t h e  center  of  t h e  sphere. 

spectrum, which was based upon an i n t e g r a t i o n  of  t h e  exper imental  

Pu-Be spectrum o f  Anderson and Bond , covered t h e  n i  ne h i g h e s t  

energy groups. 

The source 

A d e s c r i p t i o n  of t h e  system upon which c a l c u l a t i o n s  were per-  

formed i s  g i v e n  i n  Table 2, a long w i t h  a d e s c r i p t i o n  o f  t h e  ac tua l  ex- 

per imental  system. 
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TABLE 2 

DESCRIPTION OF THE EXPERIMENTAL 
AND CALCULATED SYSTEMS 

Descr ip t ion  of  

t h e  Exper i menta I System 

Outer sphere rad ius  33.8 cm 

I nner sphere r a d i  us I I ,43 o r  
15.24 cm 

Water b lanket  - a cy1 inder  of  
rad ius  60.9 cm, he igh t  121.8 cm 

Absorb i ng gas - boron tr i  - 
f I u o r i  de 

Space between inne r  and o u t e r  
spheres f i l l e d  w i t h  one atmos- 
phere dry a i r  

Source metals i n  t h e  shape of a 
c y l i n d e r  of rad ius  1.35 cm and 
h e i g h t  3.1 I cm 

Source meta I s are  concen t r i c  . 
c y l i n d r i c a l  s h e l l s  of  s t a i n -  
less s tee l  and tan ta lum con- 
t a i n i n g  a core of Pu-Be a l l o y  

Source spectrum Pu-Be 

D e s c r i p t i o n  of  

t h e  Ca lcu la ted  System ( S n )  

Outer sphere rad ius  33.8 cm 

Inner  sphere rad ius  I I .43 o r  
15.24 cm 

Water b lanke t  - a sphere of  
rad ius  60.9 cm 

I 

Absorbing gas - boron tri- 
f l u o r i d e  

Space between inne r  and o u t e r  
spheres i s  a vo id  

Source meta ls  i n  t h e  shape o f  a 
sphere of  rad ius  I .765 cm 
(equ iva len t  volume) 

Source meta ls  homogenized 
. 

Source spectrum i s  Pu-Be spec- 
t rum of  Anderson in teg ra ted  in -  
t o  group s t r u c t u r e  

._ 
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Fermi Age 

Th is  method makes use o f  a d e r i v a t i o n  o r i g i n a l l y  done by Wallace 

and LeCaineI4 fo r  a p o i n t  source i n  a non-absorbing spher ica l  c a v i t y  

surrounded by an i n f i n i t e  moderator. I t  was extended by Safonov 

t o  apply t o  a c a v i t y  completely f i l l e d  w i t h  a homogeneous absorbing 

medium. Safonov s t a t e s  t h a t  The f l u x  e x t e r i o r  t o  such an absorbing 

c a v i t y  can be descr ibed by t h e  r e l a t i o n  

where 

so I u t  

a i s  t h e  cav 

on for  t h e  cav 

moderator 

t y  radius,  OV i s  t h e  Wallace and LeCaine 

ty wi th  no absorpt ion,  and CP i s  t h e  f l u x  f o r  
P 

and 
QV 

a p o i n t  source o f  neutrons i n  t h e  moderator w i t h  no c a v i t y .  

0 a r e  func t ions  o n l y  o f  t h e  thermal d i f f u s i o n  p r o p e r t i e s  o f  t h e  
P 

moderator, t h e  age o f  t h e  neutron source t o  thermal,  and t h e  r a d i u s  

o f  t h e  c a v i t y .  Y i s  c a l l e d  t h e  ' i n t e r i o r  greyness'  and i s  de f ined by 

t h e  r e l a t i o n  

Net c u r r e n t  i n t o  t h e  i n t e r i o r  
F I ux a t  i n t e r  i o r  boundary Y =  ( 4 )  

The techniques used here are  s imply  t h e  e v a l u a t i o n  of  Safonov's 

equat ion w i t h  two m o d i f i c a t i o n s .  

Safonov uses a s i n g l e  Fermi age i n  h i s  c a l c u l a t i o n s .  Th is  i s  n o t  

s t r i c t l y  c o r r e c t  except f o r  a monoenergetic source o f  neutrons, b u t  

f o r  t h e  f i s s i o n  spectrum (see F igure  I )  i t  g i v e s  a good answer. Th is  

i s  n o t  so f o r  t h e  Pu-Be Spectrum, and so i n  t h e  c a l c u l a t i o n s  dpne here 
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t h e  energy spectrum was broken up i n t o  several  groups, and an average 

age t o  thermal was c a l c u l a t e d  f o r  each group. 

t h e  e n t i r e  Pu--Be energy spectrum was c a l c u l a t e d  as t h e  sum o f  t h e  

f l uxes  due t o  each group source weighted by t h e  f r a c t i o n  o f  t h e  spec- 

t rum i n  t h a t  group, i .e. 

Then t h e  f l u x  due t o  

@(r) = C f i  @ ( r , T . )  I (5) 
i 

This  summation Is p o s s i b l e  because t h e r e  a r e  no i n t e r a c t i o n s  between 

neutrons o r i g i n a t i n g  i n  d i f f e r e n t  age groups. 

sou 

eva 

an 

t h e  

This  p r i n c i p l e  i s  i l l u s t r a t e d  i n  F igu re  2, where t h e  f l u x e s  

@(r,-c.) from each o f  e i g h t  age groups a re  shown i n d i v i d u a l l y ,  t o -  

gether  w i t h  t h e  summed f l u x  f o r  t h e  whole spectrum. 

I 

A second m o d i f i c a t i o n  was necessary so t h a t  t h e  method cou ld  

apply t o  a problem w i t h  a void,  i n t e r n a l  c o n c e n t r i c  spheres, and a 

ce. This  was done by an i t e r a t i v e  i n t e g r a l  t r a n s p o r t  method f o r  

ua t i ng  y fo r  t h e  more compl icated i n t e r i o r .  I n  t h e  i t e r a t i o n ,  

n i t i a l  value f o r  y was used t o  c a l c u l a t e  t h e  Fermi age f l u x  i n  

water. With t h i s  f l u x  t h e  i n t e g r a l  t r a n s p o r t  method was used t o  

c a l c u l a t e  t h e  n e t  c u r r e n t  and f l u x  a t  t h e  c a v i t y  surface, t h e  r a t l o  o f  

. which gave a new y .  Th is  new y was again used t o  c a l c u l a t e  a Fermi 

age f l u x .  When two successive values o f  y d i f f e r e d  by less than  one 

p a r t  i n  t h e  i t e r a t i o n  was stopped and t h e  Fermi age f l u x e s  

p r i n t e d  out. 

Since y i s  a s l o w l y  va ry ing  f u n c t i o n  o f  t h e  i n i t i a l  f l u x  shape, 

convergence comes q u i c k l y ;  a t y p i c a l  problem converges i n  3 o r  4 

i t e r a t i o n s  w i t h  an i n i t i a l  guess f o r  y which i s  20 percent  h i g h  o r  
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0 I O  20 30 40 50 60 

Distance from center ,  c m  - 
Figure  2 .  -- Lower curves: i n d i v i d u a l  group f l u x e s  i n  t h e  water from 

e i g h t  age groups f o r  t h e  12-inch i n t e r n a l  sphere system 
w i t h  2.0 atmospheres BF3 f i l l i n g .  Upper curve: t h e  Pu-Be 
spectrum f l u x ,  which i s  t h e  sum o f  t h e  lower curves. 
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The t h e n a  I d i f fus ion  parameters 

used i n  t h e  Fermi age c a l c u l a t i o n s  are 

2.72 cm f o r  t h e  d i f f u s i o n  length and . 
o f  water o f  .022 cm-l These y i e l d  

boron absorpt ion cross s e c t i o n  used i n  

'a 

i n  

and 

e va 

'I 

low. The v a l i d i t y  of  t h i s  method i s  demonstrated by t h e  f a c t  t h a t  

y ' s  c a l c u l a t o d  f o r  t h e  no-inner-sphere case by t h i s  method agree w i t h  

those ca l  cu I a ted from Safonov's resu I t s  t o  w i t h  i n one percent.  

o r  o r d  i nary water wh i ch were 

t h e  o f  ten-quoted va I ues o f  

64 f o r  t h e  d i f f u s i o n  c o e f f i c i e n t .  

and Ctr  o f  2.032 cm-l. The 

t h e  c a l c u l a t i o n  was t h e  Max- 

w e l l i a n  average a t  293'K based on t h e  2200 m/s value o f  755'barns. 

, t h e  average age t o  t h e  1.457 ev indium resonance f o r  group i, 

f i  , t h e  f r a c t i o n  o f  t h e  source spectrum i n  group i, were 

ons uated by numerical i n t e g r a t i m  o f  t h e  f u n c t  

~ E " T ( E )  .F(E)dE 

i n  EL i 
i 

EH i 
T 

iELi F ( E ) d E  

'EL i - 
f i  - and 

( 6 )  

. 
( 7 )  

.. 

where T ( E )  

CHRONOS Monte Car lo  code 1: and F(E) 

Anderson and Bond . The age t o  thermal, r a t h e r  than t h e  age t o  

indium resonance, i s  used i n  the c a l c u l a t i o n ,  and so t h e  age from 

i s  the age t o  indium resonance as generated by t h e  

i s  t h e  Pu-Be spectrum o f  
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in16 
i i n d i m  resonance t o  thermal o f  1.0 cn was added t o  each o f  t h e  T 

Formulae for  0 and Q V  for  f i n i t e  spher ica l  systems are  a l s o  
P 

inc luded i n  t h e  r e p o r t  by Wal lace and LeCai ,el4 ; these f u n c t i o n s  

cou ld  be used i n  Safonov's equat ion ins tead o f  t h e  ones fo r  i n f i n i t e  

media. However, t h e  s o l u t i o n  done here cou ld  use t h e  s imp ler  i n f i n i t e  

medium s o l u t i o n s  because t h e  minimum surrounding th ickness  o f  moderator 

i s  27.1 cm , and t h i s  i s  e f f e c t i v e l y  an i n f i n i t e  medium f o r  l i g h t  

water.  

* I t  i s  i n t e r e s t i n g  t o  note t h a t  i f  one performs t h e  summation 

- i n  i n  
T = ; f i T i  

i 

- i n  one gets  t h e  answer T = 53 .5  cm2, which i s  i n  good agreement 
w i t h  t h e  exper imental  value o f  = 5 2 . 8  f 2 . 5  cm2 repor ted  b y  
Va I ente  and Su I I i van 7. 

.. 



1 

I n t e g r a l  Transport  Method o f  F ind ing t h e  I n t e r i o r  F lux  

I f  the neutron d i s t r i b u t i o n  i n  t h e  moderator i s  known, then t h i s  

d i s t r i b u t i o n  can be used t o  c a l c u l a t e  a source te rm fo r  those neutrons 

passing through t h e  c a v i t y .  That i s  t o  say, each small  volume element 

of moderato 

s t r e n g t h  o f  t h i s  source i s  equal t o  t h e  s c a t t e r i n g  per  u n i t  volume a t  

t h e  p o i n t  t mes t h e  dV volume element. One can then c a l c u l a t e  t h e  

f r a c t i o n  o f  neutrons from t h a t  p o i n t  which pass through any p a r t  of  

t h e  i n t e r i o r .  I n  t h i s  case it was assumed t h a t  t h e r e  i s  o n l y  absorp- 

t i o n  and no s c a t t e r i n g  i n  t h e  i n t e r i o r .  I n  t h i s  method, t h e  source 

term, modi f ied by t h e  geometr ic a t t e n u a t i o n  and t h e  exponent ia l  

a t tenuat ion  passing through moderator and gas, i s  i n t e g r a t e d  over  t h e  

volume o f  t h e  moderator. Th is  y i e l d s  a r a t h e r  compl icated double 

i n t e g r a l  f o r  t h e  i n t e r i o r  f l u x  and c u r r e n t s  which i s  so lved by num- 

e r i c a l  in tegra t ion .  Der iva t ions  of  t h e  i n t e g r a l s  f o r  two systems a r e  

presented in re fe rewe '; t h e  f i r s t  i s  t h e  s imp les t  case o f  a sphere 

uni formly f i l l e d  w i t h  absorbing gas and surrounded'by moderator; t h e  

second i s  t h e  most complex system which c o n s i s t s  of f i v e  reg ions:  

( 1 )  moderator, ( 2 )  a t h i n ,  absorbing s h e l l  (aluminum or  deposi ted 

boron), (3) a void,  ( 4 )  absorbing gas, and (5) an absorbing c e n t r a l  

sphere t o  mock up t h e  absorp t ion  of t h e  source metals.  

t h e  regions i n  t h e  l a t t e r  system can be e l i m i n a t e d  t o  make a s imp ler  

system. For example, t h e  width of  t h e  v o i d  r e g i o n  can be made zero 

i n  o r d e r  t o  g i ve t h e  no-i nner-sphere case. 

i s  considered t o  be a p o i n t  source o f  neutrons. The 

Any one of 

.. 



- 31 - 

The accuracy o f  t h i s  method depends p r i m a r i l y  upon how w e l l  one 

knows t h e  f l u x  i n  t h e  moderator, and upon the  assumption o f  no 

s c a t t e r i n g  i ns ide  t h e  sphere. The assumption t h a t  t h e r e  i s  no thermal 

s c a t t e r i n g  i n  t h e  source metals i s  v a l i d  s ince  t h e  source i s  small 

and located a t  t h e  o r i g i n ;  neutrons s c a t t e r i n g  from t h e  source would 

g i v e  almost t h e  same neutron d i s t r i b u t i o n  as neutrons passing through 

t h e  source. Furthermore, t he  absorp t ion  c ross  s e c t i o n  o f  t h e  source 

metals i s  about f o u r  t imes as g r e a t  as t h e  s c a t t e r i n g  cross sec t ion ,  

so most o f  t h e  neutrons which e n t e r  t h e  source a r e  absorbed the re .  

The assumption o f  no s c a t t e r i n g  w i t h i n  t h e  sphere i s  no t  bas i c  t o  

t h e  method, bu t  i f  s c a t t e r i n g  i s  al lowed w i t h i n  t h e  sphere, t h e  source 

o f  neutrons passing through the sphere i s  a l s o  i n s i d e  t h e  sphere it- 

s e l f ,  and so two changes a r e  necessary: ( 1 )  t h e  i n t e g r a t i o n  must 

extend over a l l  s c a t t e r i n g  sources, so it must inc lude t h e  whole 

sphere, and no t  j u s t  t h e  moderator, and 2 )  repeated i t e r a t i o n s  are  

needed s ince  sources i n  t h e  sphere a r e  ca cu la ted  by t h e  preceeding 

i n t e g r a t i o n .  

Such a procedure was not necessary i n  t h i s  c a i e  s ince  f o r  ,025 ev 

neutrons t h e  s c a t t e r i n g  cross s e c t i o n  o f  BF3 gas i s  o n l y  16 barns, 

compared t o  755 barns f o r  t he  absorp t ion  c ross  sec t i on .  

This i n t e r n a l  i n t e g r a l  melhod was used t o  f i n d  t h e  i n t e r i o r  f l u x  

f o r  a l l  ca c u l a t i o n s  which used t h e  mod i f i ed  Fermi age method fo r  t h e  

e x t e r i o r  f ux. The source of thermal neutrons was c a l c u l a t e d  as t h e  

product o f  t h e  s c a t t e r i n g  cross sec t ion ,  t h e  f l u x ,  and t h e  volume 

e I ement. 
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Th is  i n t e g r a l  procedure cou ld  a l s o  be used t o  s o l v e  fo r  i n t e r i o r  

I n  

and 

f luxes  using ou ts ide  f l u x e s  c a l c u l a t e d  by a mul t ig roup approach. 

t h i s  case, t h e  i n t e r i o r  f l u x  would be c a l c u l a t e d  fo r  each group, 

t h e  source for any group i would be c a l c u l a t e d  as t h e  sum 

q . ( r )  I = ‘j+i O.(r)dV j ( 9 )  

where i s  t h e  product  o f  t h e  macroscopic c ross  s e c t i o n  f o r  

Scat te r ing  t imes t h e  probabi I i t y  t h a t  a neutron i n  group j w i  I 

change energy on s c a t t e r i n g  enough t o  be i n  group i . 
The method can a l s o  be adapted t o  g i v e  t h e  parameter y wh 

i s  defined by equat ion ( 4  1 for  a g iven f l u x  d i s t r i b u t i o n .  Th is  

ch 

was 

done i n  the c a l c u l a t i o n s  i n  which t h e  e x t e r i o r  f l u x  was c a l c u l a t e d  by 

t h e  age method. 
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COMPAR I SON OF RESULTS 

.- 

Figures 3 through 15 show thermal f l u x  d i s t r i b u t i o n s  fo r  t h r e e  

sphere geometries determined by t h e  f o l  lowing f o u r  methods: 

( 1 )  26-group Sn c a l c u l a t i o n s  -- t h e  thermal f l u x  was chosen 
t o  be t h e  sum of  the f l u x e s  i n  groups 19 through 26. 

( 2 )  26-group d i f f u s i o n  c a l c u l a t i o n s  -- thermal f l u x  chosen t o  
be t h e  sum o f  t h e  f l u x e s  i n  groups 19 through 26. 

( 3 )  An age c a l c u l a t i o n  o f  t h e  e x t e r i o r  f l u x e s  coupled w i t h  an 
i n t e g r a l  t r a n s p o r t  method f o r  t h e  i n t e r i o r  f I uxes. 

ions der ived  from indium ( 4 )  Experimental thermal f l u x  d i s t r i b u  
f o i l  a c t i v a t i o n s .  

The q u a n t i t y  which i s  p l o t t e d  as therma 

mul t ig roup d i f f u s i o n  computations i s  t h e  sum 

i n  groups 19 through 26, which a r e  t h e  e i g h t  

f l u x  f o r  t h e  Sn and 

o f  t h e  computed f l u x e s  

lowest energy groups of  

t h e  26-group se t .  These groups cover an energy range from ,001 t o  

.2 ev. I t  i s  d i f f i c u l t  t o  say e x a c t l y  what t h e  upper energy c u t o f f  

f o r  thermal energ ies  should be, b u t  t h i s  was chosen because t h e  Max- 

we1 I ian  d i s t r i b u t i o n  for  room temperature neutrons drops o f f  sha rp l y  

a t  .2 ev. A t  any ra te ,  whether t h e  h ighes t  therma'l energy i s  

chosen t o  inc lude  groups 18, 19, o r  20 makes l i t t l e  d i f f e r e n c e  i n  t h e  

thermal f l u x  graphs, s ince  on ly  a r e l a t i v e l y  small p a r t  of t h e  thermal 

f l u x  i s  i n  these groups. 

F igure  3 shows a comparison o f  t h e  magnitude o f  thermal f l u x  

found by t h e  t h r e e  a n a l y t i c a l  methods. The curves show t h e  r e s u l t a n t  

thermal neutron f l u x  from a u n i t  neutron source. The f l u x  found by 

t h e  d i f f u s i o n  theo ry  method i s  s i g n i f i c a n t l y  g r e a t e r  than e i t h e r  t h a t  
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Figure  3 .  -- Comparison o f  the r e l a t i v e  magnitude o f  f l u x e s  c a l c u l a t e d  
by t h e  t h r e e  a n a l y t i c a l  methods f o r  t h e  s i n g l e  sphere 
system w i t h  0.5 atmosphere BF3 f i l l i n g .  
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found by Sn o r  age theory.  Since t h e  d i f f u s i o n  theory  c a l c u l a t i o n  

uses t h e  same absorpt ion cross sec t ions  i n  t h e  c a v i t y ,  it can be 

concluded t h a t  a lower c r i t i c a l  mass would be found by d i f f u s i o n  

theory f o r  t h i s  type o f  system. 

I n  t h e  r e s t  o f  t h e  f igures  t h e  t h e o r e t i c a l  f l u x e s  are  i n d i v i d u a l l y  

normalized t o  best  f i t  t h e  experimental thermal f l u x  data p o i n t s  a t  

t h e  sur face o f  t h e  o u t e r  sphere. 

I n  F igures 4 and 5, a l l  th ree  a n a l y t i c a l  methods seem t o  g i v e  a 

good agreement w i t h  t h e  experimental f l u x e s  from t h e  two s i n g l e  

sphere cases w i t h  BF, f i l l i n g s .  I n  F i g u r e 6 ,  which i s  t h e  s i n g l e  

sphere case w i t h  no BF3 f i l l i n g ,  t h e  age c a l c u l a t i o n  g i v e s  f l u x e s  i n  

t h e  water which are  almost IO percent  h igher  than those found e i t h e r  

by experiment o r  by t h e  S method. Th is  does no t  necessar i l y  prove 

t h a t  the  age t reatment  does not work we1 I for  t h i s  system fo r  t w o  

reasons: ( 1 )  Because o f  asymmetry o f  t h e  source emission and a l s o  

because o f  a p o s s i b i l i t y  t h a t  t h e  f l u x  depression f a c t o r  used t o  

c o r r e c t  t h e  experimental data i n  t h e  water may be low, it i s  p o s s i b l e  

n 

t h a t  t h e  experimental f I ux i n  t h e  water should be 6 igher .  The e f f e c t  of  

source asymmetry i-s-discussed i n  AppendixC. ( 2 )  Since t h e  age method 

'n does no t  use t h e  same h igh  energy water cross sec t ions  as t h e  

method, a d i r e c t  comparison between t h e  two methods i s  d i f f i c u l t .  

Some o f  t h e  d i f f e r e n c e  shown in  F i g u r e  6 may n o t  be due t o  t h e  meithod, 

b u t  r a t h e r  t o  t h e  use of  d i f f e r e n t  i n p u t  data t o  c a l c u l a t e  t h e  para- 

meters descr ib ing  t h e  f a s t  neutron p e n e t r a t i o n  i n  t h e  water. 

Except f o r  normal iz&ion, t h e r e  appears t o  be a c lose  s imi  l a r i t y  
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Figure  4. -- Comparison of c a l c u l a t e d  and exper imental  f l u x  d i s t r  
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f o r  t h e  s i n g l e  sphere system w i t h  0.5 atmosphere BF3 f i l l i n g .  
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between t h e  

no i n t e r n a l  sphere. This  agrees i n  p a r t  w i t h  t h e  f i n d i n g s  o f  P l u n k e t t  

and Hol 1 8 , who found agreement between 

for  systems both w i t h  and wl thout  i n t e r n a l  spheres. Unl i ke t h e  re-  

s u l t s  o f  P1unket.t and HolI,  however, a considerable d i f f e r e n c e  was 

found between t h e  

systems i n  t h l s  case. This  can be seen I n  Figures 7 through I O .  

Sn 2nd mul t igrc t lp  d ! f f u s l o n  r e s l t l t s  f e r  t h e  system w i t h  

S and d i  f f u s l o n  c a l c u l a t i o n s  
n 

Sn and d i f f u s i o n  theory f l u x e s  f o r  i n t e r n a l  sphere 

' be*. 

obv i 

s imi  

p a r t  

These r e s u l t s  a re  so d i f f e r e n t  from t h e  o t h e r  two a n a l y t i c a l  methods . 

t h a t  a check was made on t h e  mul t igroup d i f f u s i o n  c a l c u l a t i o n  procedure 

by performing cadculat ions using t h e  cross s e c t i o n  se ts  and system 

geometry used by P l u n k e t t  and Hol I for two g r a ~ h 1 t e - U ~ ~ ~  systems. 

agreement w i t h  t h e i r  f l u x  d l s t r l b u t i o n s  (F igures 3.1 and 3.2 i n  SM- 

44041) both w i t h  and w i t h o u t  an i nne r  sphere was p e r f e c t ,  as it should 

The 

Assuming t h e i r  Sn c a l c u l a t i o n s  a r e  a l s o  c o r r e c t ,  It becomes 

us t h a t  t h e  conclusions made by P l u n k e t t  and Holl regard ing t h e  

a r i t y  of r e s u l t s  from t h e  two methods i s  t r u e  o n l y  f o r  t h e i r  

cu I a r  system. 

Ragsdale and Hyland qua I i f y  t h e i r  use o f  di;fuslon theory by 

t h a t  d i f f u s i o n  theory i s  ade- r e f e r r i n g  t o  a statement by Safonov 

quate i f  t h e  i n t e r l o r  greyness, y , ( d e f i n e d  by equat ion ( 4  1 of  t h i s  

t h e s i s )  i s  less than 1/3, The r e s u l t s  p i c t u r e d  i n  F i g u r e s 7  through 

*The f a c t  t h a t  t h e  f l u x  d i s t r i b u t i o n s  were l d e n t l c a l  conf i rms t h e  
v a l i d i t y  o f  t h e  assumption which was made i n  d e r i v i n g  t h e  a n a l y t i c a l  
d i f f u s i o n  s o l u t i o n  for t h e  i n t e r i o r  -- t h a t  t h e r e  i s  no s i g n i f i c a n t  
energy t r a n s f e r  i n  t h e  s c a t t e r i n g  o f  neutrons i n t h e  gaseous core. 

.. 
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Figure  8 .  -- Comparison of ca lcu la ted  and exper imental  f l u x  d i s t r i b u t i o n s  
for  t h e  12-inch inner sphere system w i t h  2.0 atmospheres BF3 
f i I I ing.  
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Figure  9 .  -- Comparison of c a l c u l a t e d  and exper imental  f l u x  d i s t r i b u t i o n s  
f o r  t h e  12-inch i n n e r  sphere system w i t h  3.0 atmospheres BF3 
f i I I ing. 
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I O  show t h a t  t h i s  i s  not  an adequate c r i t e r i o n .  The P lunke t t  and 

Hot I graphi te-U235 inner-sphere system ca lcu la ted  here had a maximum 

y of  .1115, wh i le  the  water-Bf3 system p i c t u r e d  i n  F igure10 had a 

maximum y o f  o n l y  .09773. Safonov's c r i t e r i o n  i nd i ca tes  t h a t  t h e  

water-BF3 system i s  more near ly  co r rec t ,  and t h i s  i s  c e r t a i n l y  no t  

t rue .  

i n  t h e  nohinner-sphere system, y had a va lue o f  .4268, which i s  

s i g n i f i c a n t l y  above 1/3, y e t  the agreement w i t h  t h e  Sn c a l c u l a t i o n  

i s  good (see F igure  4 ) .  Obviously a more val i d  c r i t e r i o n  f o r  t h e  use 

o f  d i f f u s i o n  theory i s  needed. Since P lunke t t  and Ho l I  made compari- 

scms w i t h  t h e  %Ore r igorous  

Furthermore i n  t h e  most extreme case o f  one atmosphere o f  BF3 

S8 method over  the  whole range o f  geo- 

metry and cross sec t ions  which t h e i r  c a l c u l a t i o n s  covered, they are  

j u s t i f i e d  i n  t h e i r  use o f  d i r f fus ion theory.  The conclus ion o f  t h i s  

comparison i s  t h a t  workers i n  the  f i e l d  who use d i f f u s i o n  theory 

should make comparisons w i t h  a r igorous  theory  o r  w i t h  experiment. 

Calcu lated and experimental thermal f luxes  f o r  t h e  two i n t e r n a l  

sphere systems are  compared i n  F igures 7 through IO. Both Sn and age- 

void,  

y t h a t  

s ream- 

- /4 

i n t e g r a l  t r a n s p o r t  agree w i t h  experimemt i n  t h e  wat;?r and i n  t h e  

bu t  a re  s i g n i f i c a n t l y  less ins ide the  BF3 core.  I t  i s  l i k e  

the  exper imental  f l uxes  are  i nco r rec t  here because o f  neutron 

ing  i n  t h e  through-tube. The ou te r  diameter o f  t h i s  tube i s  

inches and t h e  r a d i i  o f  t he  two i n t e r n a l  sphere systems are  4-1/2 and 

6 inches. Since many o f  t h e  neutrons which a re  absorbed i n  a f o i l  

en te r  t he  f o i l  from a d i r e c t i o n  near l y  perpend icu la r  t o  t h e  f l a t  f o i l  

surfaces, a s i g n i f i c a n t  f r a c t i o n  o f  such neutrons w i l l  have passed 
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t h e  d i f f e r e n c e  i n  thermal 

was no t  teken i n t o  accoun 

The e f f e c t  o f  t h i s  cause 

through t h e  a i r  i n  t h e  tube r a t h e r  than through t h e  EF3 gas i n  t h i s  

case. Another cause o f  t h e  experimental f l u x  being t o o  la rge  i s  t h a t  

neutron spec t ra  between t h e  v o i d  and c a v i t y  

t o  c o r r e c t  f o r  s e l f  s h i e l d i n g  i n  t h e  f o i l .  

probably much less than t h e  former, how- 

ever. 

The 

S4 resu 

S 

i n t e g r a  I t r a n s p o r t  c a l c u l a t i o n  agrees f a i r l y  w e l l  w i t h  t h e  

t s  i n s i d e  t h e  cav i  y, except fo r  showing a lower f l u x  and 

thus g r e a t e r  absorpt ion i n  the  gas. Th is  i s  probably  because t h e  

boron absorpt ion c ross  sec t ion  used i n  t h e  i n t e g r a l  t r a n s p o r t  ca lcu-  

l a t i o n s  was t h e  Maxwel l ian average a t  t h e  moderator temperature. 

i s  i d e n t i c a l  t o  t h e  way most p rev ious  workers have c a l c u l a t e d  c a v i t y  

absorpt ion cross sect ions,  and it i s  n o t  c o r r e c t .  As w i l l  be discussed 

i n  d e t a i l  i n  t h e  f o l l o w i n g  pages , spectrum hardening i n  t h e  pre- 

sence o f  t h e  absorbing gas causes t h e  ac tua l  absorp t ion  cross s e c t i o n  

t o  be considerably  less.  

Th is  

F igures I I , 12, and 13 a r e  composite curves of  t h e  t h r e e  sphere 

systems a t  a1 I BF3 f i  I I i n g  pressures f o r  which eGperimental a c t i -  

va t ions  were measured. The exper imental  p o i n t s  a re  n o t  included, b u t  

t h e  comparison o f  experiment t o  theory  f o r  these f i g u r e s  f o l  lows t h e  

same p a t t e r n  observed i n  Figures 4 through I O ,  where t h e r e  i s  good 

agreement a t  a l  I p o i n t s  i n  t h e  s i n g l e  sphere system, bu t  o n l y  i n  t h e  

vo id  and moderator i n  t h e  systems w i t h  i n t e r n a l  spheres. 

F igures Idand 15 show t h e  e f f e c t  of  having one atmosphere o f  

BF3 evenly  deposi ted on t h e  i n t e r f a c e  ins tead o f  be ing i n  gaseous form 
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Figure  1 1 .  -- Theore t ica l  thermal f l u x e s  c a l c u l a t e d  by t h e  age- in tegra l  
t r a n s p o r t  method f o r  t h e  s i n g l e  sphere system w i t h  var ious  
BF3 f i I I ing pressures. 
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Figure  12.-- Theore t ica l  thermal f l u x e s  c a l c u l a t e d  by  t h e  age- integral  
t r a n s p o r t  method f o r  t h e  9-inch i n t e r n a l  sphere system 
w i t h  var ious  BF, f i I I ing  pressures. 
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Figure 13. -- Theoret i ca I therma I f I uxes ca I cu I ated by t h e  age-i n tegra I 
t r a n s p o r t  method f o r  t h e  12-inch i n t e r n a l  sphere system 
w i th  var ious BF3 f i I I i ng  pressures. 



- 49 - 

700 
600 

500 

I 0-4 

0 I O  20 30 40 50 

Distance from center ,  c m  ----t 

Figure  14. -- S 4  c a l c u l a t i o n  o f  t h e  thermal f l u x  d i s t r i b u t i o n  wh 
r e s u l t s  when a l l  of t h e  BF3 from 1.0 atmosphere f i  
i n  t h e  s i n g l e  sphere system i s  deposi ted on t h e  i n  
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Figure  15. -- Age-integral t r a n s p o r t  c a l c u l a t i o n  o f  t h e  thermal f l u x  
d i s t r i b u t i o n  which r e s u l t s  when a l l  of  t h e  BF3 from 1.0 
atmosphere f i l l i n g  i n  t h e  s i n g l e  sphere system i s  
deposited on the  i n te r face .  



- 51 - 

i n s i d e  t h e  c a v i t y .  These c a l c u l a t i o n s  a r e  inc l i idsd s i m e  it Is 

suspected t h a t  some boron may have been deposi ted on t h e  i n s i d e  o f  

t h e  o u t e r  sphere, and t h a t  t h i s  may have been a cause of  t h e  peaking 

phenomenon. 

peaking. 

t e s t e d  fo r  boron deposi ts  a f t e r  t h e  experlments, so t h e  magnitude of  

t h i s  e f f e c t  I n  t h e  experimental data i s  open t o  con jec ture .  

These f i g u r e s  show t h a t  such a depos i t  w i l l  r e s u l t  i n  

Unfor tunate ly  t h e  i n s i d e  sur face  of  t h e  sphere was n o t  

The r e l a t i v e  f l u x e s  i n  t h e  low energy groups g i v e  an idea of 

t h e  thermal spectrum and the  way i t  v a r i e s  w i t h i n  t h e  system. F igure  

16shows a t y p i c a l  f l u x  spectrum histogram i n  t h e  water from t h e  

computation, w i t h  t h e  experimental spectrum of  Poole superimposed. 

I t  appears t o  agree we l l  w i th  Poole 's  data. 

equal t o  291'K g i v e s  a good f i t  o f  neutron energ ies w i t h  

t o  Poole 's data except above .2 ev, where t h e  Maxwel l ian has a sharp 

drop-of f  w i t h  h igher  energy, w h i l e  Poole 's  spectrum has a I /E t a i l .  

Sn 

A Maxwel l ian d l s t r l b u t i o n  

T e f f e c t  i ve 

One way of  showing how t h e  spectrum v a r i e s  between d i f f e r e n t  

p a r t s  of t h e  system i s  t o  c a l c u l a t e  t h e  average temperature o f  t h e  

thermal neutrons from t h e  mul t igroup f luxes .  This 'has been done w i t h  

t h e  Sn r e s u l t s ,  and t h e  average temperatures are  l a b e l l e d  Ta on 

Figures 4 through 10 . This  average spectrum temperature was c a l c u l a t e d  

be weight ing t h e  average neutron temperature o f  each group by t h e  

f r a c t i o n  o f  t h e  f l u x  i n  t h a t  group us ing t h e  formula 

26 
c i 
i = t 9  @iTa 

T =  a 26 
( I O )  

c Q i  
i=19 
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F igure  16.-- The s o l i d  curve i s  t h e  experimental spectrum measured by 
Poole l * .  
spectrum a t  a rad ius  o f  44 cm i n  t h e  s i n g l e  sphere 
system w i t h  no BF3 f i l l i n g .  

The histogram g ives  t h e  c a l c u l a t e d  Sn f l u x  
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I .  

t h e  average neutron temperature f o r  each group was ob ta ined by a i 
Ta 9 

numerical i n t e g r a t i o n  of the  formula 

where F (E)  i s  t h e  

rHi Ei F(E) E/k dE 

thermal f l u x  spectrum from t h e  experimental work 

i 
o f  Poole, and k i s  Boltzmann's constant.  The values used f o r  Ta 

a re  I i s t e d  i n  Table 3 .  

TABLE 3 

GROUP NEUTRON TEMPERATURES 

WEIGHTED BY POOLE'S SPECTRUM 

i Group No. Ta, Group Averaged 
Ne u t  ron Tempe r a t  u r e  

i O K '  

19 

20 

21 

22 

23 

24 

25 

26 

1883.5 

1336.0 

958.4 

616.0 

344.4. 

176.7 

84.6 

31.8 
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I f  a neutron energy spectrum i s  Maxwellian, t h e  energy d i s t r i b u -  

t i o n  i s  given by t h e  r e l a t i o n  

E n(E)  = (--I2 exp (-E/kT I , e 
kTe 

(12)  

where T i s  t h e  e f f e c t i v e  neutron temperature. The average tempera- 

t u r e  of a l l  neutrons i n  t h e  Maxwel l ian spectrum i s  g iven  by 

e 

n(E)  E/k dE 

= 2 Te ' i =  ' 0  (13)  

Thus, it i s  expected t h a t  t h e  q u a n t i t y  l a b e l l e d  

i s  about t w i c e  the  e f f e c t i v e  neutron temperature. Th is  i s  o n l y  an 

approximation because a l though t h e  f l u x e s  c a l c u l a t e d  i n  t h e  water by 

the  method seem t o  d i f f e r  on l y  s l i g h t l y  from Poole 's  spectrum and 

thus from the  Maxwellian, t h e  f l u x e s  i ns ide  t h e  c a v i t y  show a spectrum 

Ta on t h e  f i g u r e s  

Sn 

t h e  Maxwellian. Also, u n l i k e  t h e  f l u x ,  t h e  

t i v e  t o  t h e  choice o f  thermal energy 

qu i t e  d i f f e r e n t  from 

average temperature 

c u t o f f  . , 

F igure 17 shows 

s very sens 

t h e  way t h e  spectrum changes w i t h  inc reas ing  8F3 

The histograms show t h e  average 
. 

pressure i n  the  s l n g l e  sphere system. 

c a v i t y  spectra from t h e  Sn 

mosphere BF3 f i  I I ing. The upper I i ne  i s  nea r l y  i d e n t i c a l  t o  Poole's 

spectrum, as i n  Figure16. As might  be expected, when t h e r e  i s  no 

absorbing gas i n  t h e  c a v i t y ,  t h e  spectrum i n s i d e  t h e  c a v i t y  i s  near ly  

i d e n t i c a l  t o  t h a t  i n  t h e  water. The l i n e s  drawn through t h e  h i s t o -  

grams are no t  f i t t e d  curves, bu t  a re  intended t o  make t h e  histograms 

computations w i t h  0.0, 0.5, and 1.0 a t -  
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Figure  17. -- Average thermal neutron spect ra i n  t h e  c a v i t y  of t h e  
s i n g l e  sphere system w i t h  0.0, 0.5, and 1.0 atmosphere 
o f  BF3. 
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e a s i e r  t o  read. I t  can be seen t h a t  ti 

pronounced i n  +he lower energy  reu ups, 

c ross  sec t i on  i s  much grea ter .  

I t  i s  o f t e n  s ta ted  t h a t  the Maxwe 

e change in..spectrum i s  most 

f c r  which t h e  boror! absorp t ion  

I i a n  spectrum w i l l  con t inue t o  

ttave the  Maxwell ian shape w i t h  a h i q h c r  e f f e c t i v e  temperature when a 

I / v  This, of course, i s  

no t  t r u e  i n  a c a v i t y  system where t h e  moderation i s  ex te rna l  t o  t h e  

absorber. 

absorber i s  introduced i n t o  t h e  systemlg. 

The average temperatures are one way o f  i l l u s t r a t i n g  t h e  f a c t  t h a t  

t h e  thermal neutron spectrum changes from p o i n t  t o  p o i n t  w i t h i n  a 

g l ven  system. F igure  18 shows some t y p i c a l  spectrum histograms f o r  

t h r e e  d i f f e r e n t  l oca t i ons  i n  the n ine- inch  i n t e r n a l  sphere system w i t h  

4 atmospheres BFg f i l l i n g .  Again it can be seen t h a t  t h e  thermal 

f l u x  spectrum i n  t h e  BF3 gas i s  q u i t e  d i f f e r e n t  from t h a t  i n  t h e  

moderator, especi a I I y f o r  t h e  lower energies.  

c ross  

ca I cu 

where 

The b e n e f i t s  o f  a c ross  sec t ion  s e t  w i t h  many thermal groups and 

w i t h  upsca t te r i ng  a re  very g rea t  f o r  a problem o f  t h i s  nature.  As an 

example, consider t h e  e f f e c t i v e  magnitude o f  t h e  thermal abso rp t i on  

i n  t h e  BF, gas when i t  i s  averaged ove r  a . sec t i on  of  boron 

a ted  spectrum us ng t h e  avereging procedure 

2 6  B 
I <  a i  C Q.a 

i = i g  Boron - - a 
a 26 

C Q i  
i=19 

(14 )  

Q i  i s  t h e  f l u x  ca l cu la ted  by t h e  Sn computation, and t h e  

B 
a i  u are  t h e  group absorp t ion  cross sec t i ons  o f  boron from t h e  I i b ra ry .  
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Figure  18. -- Thermal neutron spec t ra  a t  r a d i a l  d is tances of 6, 20, 
and 44 cent imeters i n  t h e  9 - i n c h  i n t e r n a l  sphere 
system w i t h  4.0 atmospheres of BF3 f i l l i n g .  
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BF, 

i s  f a i r l y  c lose  t o  t h e  Maxwellian average o f  669 barns. 

value o f  t h i s  cross sec t i on  decreases considerably as t h e  

increases. With 0.5 atmosphere o f  BF3 i n  t h e  s i n g l e  sphere system, 

t h e  spectrum average o f  t h i s  cross s e c t i o n  v a r i e s  i n  t h e  gas from 585 

i s  t h e  f l u x  i n  t h e  water o r  t h e  f l u x  i n  t h e  c a v i t y  w i t h  no 

f i l l i n g ,  t h e  average absorp i ion cross s e c t i o n  i s  654 barns, which 

The average 

BF3 f i l l i n g  

barns a t  a d is tance of  3 cent imeters from t h e  cen te r  t o  600 barns a t  

33 cent imeters.  F i n a l l y ,  i f  the averaging i s  done w i t h  t h e  f l u x e s  i n  

t h e  s i n g l e  sphere system w i t h  1.0 atmosphere of  BF3 , the 'average 

va lue o f  t h e  absorpt ion cross sect ion o f  boron-ranges from 550 barns 

a t  3 cent imeters t o  580 barns a t  33 cent imeters.  

These spectrum-averaged cross sect  ions are on I y approximate, s i  nce 

t h e  group cross sect ions i n  each case a re  a l l  based upon t h e  same 

spectrum; however, t h e  group s t r u c t u r e  i s  s u f f i c i e n t l y  narrow t h a t  t h e  

change i n  spectrum w i t h i n  a group w i l l  r e s u l t  i n  a small change i n  t h e  

group cross sec t i on .  The above c a l c u l a t i o n s  i l l u s t r a t e  t h a t  t h e  

absorpt ion cross sec t i on  o f  boron v a r i e s  by as much as 5 percent  w i th -  

i n  t h e  gas reg ion i t s e l f ,  and var ies by 16 percent from t h e  gas t o  t h e  

moderator. From t h i s  it could be concluded t h a t  a c a l c u l a t i o n  us ing 

o n l y  one thermal group would be inaccurate i n  p r e d i c t i n g  thermal ab- 

s o r p t i o n  i n  an e x t e r n a l l y  moderated system unless t h e  thermal neutron 

spectrum i n  t h e  absorber were known i n  advance and used t o  generate t h e  

cross sec t  ions . 
I t  i s  here where o t h e r  workers i n  t h e  f i e l d  o f  ex te rna l  l y  moder- 

a ted reactors  have been i n  greatest  e r r o r .  Using a s i n g l e  thermal 

energy group f o r  a range o f  absorber concentrat ions i s  i n c o r r e c t .  
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S p e c i f i c a l l y ,  t a k i n g  the average absorber cross section t o  be t h e  

Maxwell tan average a t  the moderator temperature will always g i v e  too 

low a c r i t i c a l  mass; t h e  magnitude of  t h e  e r r o r  becomes g r e a t e r  as 

t h e  concentrat ion and energy dependence of t h e  absorber cross sec t i ons  

1 ncreases. 
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REDUCTION OF Sn DATA TO FOIL ACTIVATIONS 

The most cormlon and t h e  s imp les t  way o f  comparing indium f o i l  

a c t i v a t i o n  data t o  t h e o r e t i c a l  c a l c u l a t i o n s  i s  t o  reduce t h e  f o i l  da ta  

t o  thermal f l uxes  using formulae, graphs, or  t a b l e s  f o r  t h e  p a r t i c u l a r  

f o i l  s i ze  which a re  a v a i l a b l e  i n  t h e  l i t e r a t u r e  20>21 ,22 ,23 .  Th is  

method was used t o  f i n d  t h e  experimental thermal f l u x e s  

of t h e  f i gu res  i n  t h i s  and i n  t h e  prev ious  work 

shown on a l l  

reported. 

t h a t  more 

t i o n s  than 

f l u x .  I t  

However, from t h e  d iscuss ion  on spectra,  i 

nformat ion i s  avai l a b l e  f r o m  t h e  mu l t i g roup  

was used i n  t h e  de terminat ion  o f  t h e  t h e o r e t  

s known t h a t  t h e  spectrum v a r i e s  s i g n i f i c a n t  

i s  q u i t e  d i f f i c u l t  t o  take  

a re  reduced t o  f I uxes; i t  

t h e o r e t i c a l  f I uxes i n  a ca 

r e t i c a l  f o i l  a c t i v a t i o n s .  

F i r s t  a c o r r e c t i o n  i s  

t h e  spectrum i n t o  account 

i s  obvious 

Sn c a l c u l a -  

cat thermal 

y i n  t h e  

system, and t h a t  t h e  f a c t o r s  r e l a t i n g  f o i l  a c t i v a t i o n  t o  thermal f l u x  

a re  spectrum dependent. 

by reducing t h e  Sn c a l c u l a t i o n s  t o  t h e o r e t i c a l  f o i l  a c t i v a t i o n s .  I t  

A b e t t e r  comparison migh t  t h e r e f o r e  be made 

when f o i l  da ta  

s somewhat less  d i f f i c u l t  t o  reduce t h e  

c u l a t i o n  w i t h  many therPa groups t o ' t h e o -  

made f o r  s e l f  s h i e l d i n g  of  neutrons i n  t h e  

fo i  I .  According t o  Hanna21, t h i s  i s  t h e  o n l y  e f f e c t  f o r  which cor- 

r e c t i o n  i s  necessary i f  t h e  f o i l  i s  i r r a d i a t e d  i n  a c a v i t y  so la rge  

t h a t  a van ish ing l y  small number of  neutrons passing through t h e  f o i l  

a re  ever sca t te red  back through t h e  f o i l  again. The c o r r e c t i o n  f o r  

t h i s  e f f e c t  has t h e  form 
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where T i s  t h e  f o i l  th ickness i n  mean f r e e  paths, E g ( r )  i s  t h e  

t h i r d  o rde r  exponent ia l  funct ion,  and E i s  a small  edge c o r r e c t i o n  

f a c t o r .  

I n a  s c a t t e r i n g  medium such as water, a c o r r e c t i o n  i s  a l s o  made f o r  

t h e  depression o f  t h e  inc ident  f l u x  due t o  t h e  absorpt ion of t h e  f o i l .  

Several formulae are reported for c o r r e c t i n g  f o r  t h i s  e f f e h ,  and a l l  

have t h e  general form 
-I 

F ( y , t )  = I + [1/2 - E ~ ( T ) ]  g(R,y) (16)  

where y i s  de f i ned  as Cs/C-total f o r  t h e  s c a t t e r i n g  medium, R i s  

t h e  rad ius of t h e  f o i l ,  and g(R,y) i s  a f a c t o r  approximated by 

d i f f e r e n t  methods by var ious authors. 

w i t h  an edge c o r r e c t i o n  m o d i f i c a t i o n  was chosen here s ince it was re- 

The R i t ch ie -E ld r idge22  method 

po r tgd  t o  g i v e  good agreement with t h e  experiments done i n  water by 

Walker e t  a I2 '  w i t h  2 cm diameter indium f o i l s ,  and also by Shook 

- e t  

- 
f o r  dysprosium-aluminum foi  I s .  

I n  t h e  R i t ch ie -E ld r idqe  method, g(R,y) i s  eyaluated f rom, the  

formul a 

g(R,y) = 3L/2A S(2R/L) - K(2R/h,y) (17) 

where L and h are t h e  d i f f u s i o n  length and t o t a l  mean f r e e  pa th  

o f  water, respec t i ve l y ,  and t h e  f u n c t i o n  SCX) i s  def ined by t h e  in-  

teg  r a  I 

(18)  -x t 1 

0 
S ( X )  = I - 4/n I e d t ,  
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ko( ,y )  i s  def ined by 
1 

and t h e  func t ion  h(y,y) i s  def ined by 

To get t h e  fac to rs  needed t o  reduce t h e  mu l t i g roup  data t o  f o i  I 

ac t i va t i ons ,  group s e l f - s h i e l d e d  cross sec t i ons  were computed by 

eva I ua t  i ng t h e  i ntegra I 

sel  f -sh ie lded 
a c t i v a t i o n  

F(E)dE 
IEH i 

where a,(E) i s  t h e  absorpt ion cross s e c t i o n  o f  indium a t  energy E 

ca l cu la ted  from t h e  resonance data publ ished i n  re ference 24, and F ( E )  

i s  Poole's spectrum. The i n t e g r a t i o n  was done by a 60-point s t r i p  In -  

t e g r a t i o n  procedure using a 6-point  Newton-Cotes formula of c losed 

type25.  The E 3 0 ( )  f unc t i ons  were c a l c u l a t e d  by e v a l u a t i o n  of t h e  

s e r i e s  
c o n  

combined w i t h  t h e  recu rs ion  r e l a t i o n  

The a c t i v a t i o n  cross sec t i ons  co r rec ted  f o r  f l u x  depression i n  t h e  

watsr were found by e v a l u a t i o n  of  t h e  i n t e g r a l  
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where g(R,y) i s  de f ined in  equat ion  23 and y ,  L, and X were 

c a l c u l a t e d  as a f u n c t i o n  of energy from cross s e c t i o n  data taken from 

BNL 32524’26. 

ca I cu.1 a ted  by eva I u a t  i ng the se r  i es 

For arguments less  than 4 ,  t h e  f u n c t i o n  S ( x )  was 

which i s  g iven  as equat ion  (33 )  i n  t h e  r e p o r t  by R i t c h i e  and 

E ldr idge22.  

mat ion were needed t h a t  it was qu icke r  t o  eva lua te  S ( x )  by an 18- 

p o i n t  s t r i p  i n t e g r a t i o n  of equat ion 24. The f u n c t i o n  K(X,y)  was 

For arguments g r e a t e r  than 4 ,  so many terms of  t h e  sum- 

also c a l c u l a t e d  by t h e  18-point s t r i p  i n t e g r a t i o n  procedure. The 

f unc t  ions 

graphs of  

2 2 .  No s 

S ( x )  and 

these f u n c t  

g n i f i c a n t  d 

K(X,Y)  c a l c u l a t e d  i n  t h i s  

ons given by R i t c h i e  and E 

f fe rence was found between 

r e c t  i on  used by Wal ke r  e t  a i ,  who used - 

way reproduced t h e  

d r idge  i n  re fe rence 

t h e  edge e f f e c t  cor-  

and t h a t  used by Shook e t  a l  , who d i d  no t  use t h e  E t a c t o r ,  b u t  
_I_ 

, instead ca 

where R 

cu ia ted  T by the r e l a t i o n  

ca t t 

I + E  
1 ( 2 7 )  

t T = (  

s t h e  f o i l  radius, and t i s  t h e  f o i l  th ickness .  

Corrected group absorpt ion c ross  s e c t  ions fo r  t h e  i ndi  um fo i  I s  

used i n  t h e  experiment were c a l c u l a t e d  by numerical i n t e g r a t i o n  of 

equat ions (21 ) and (24). These data and t h e  corresponding uncorrected 
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group cross sec t i ons  a r e  I i s t e d  i n  Table 4. 

so rp t i onc ross  sect ions were used t o  c a l c u l a t e  t h e o r e t i c a l  f o i l  a c t i -  

The c o r r e c t i o n  group ab- 

v a t i o n  from t h e  mu 

Acti v a t  

t i g r o u p  Sn f l u x e s  us ing t h e  summation 

26 

where i n  the c a v i t y  aabs corrected i s  t h e  i ndi um group abso rp t i on  cross 

sec t i on  corrected o n l y  f o r  s e l f - s h i e l d i n g ,  and i n  t h e  water it i s  t h e  

group absorpt ion cross sec t i on  co r rec ted  f o r  both s e l f - s h i e l d i n g  and 

f l u x  depression. 

Some e r r o r s  a re  ev iden t  i n  t h e  c a l c u l a t i o n  o f  t h e  c o r r e c t e d  cross 

sect ions,  b u t  it i s  expected t h a t  they a r e  minor.  F i r s t ,  t h e  co r rec -  

t i o n  equations assume an i s o t r o p i c  f l u x .  The e r r o r  in t roduced be- 

cause o f  t h i s  i s  probably small because t h e  g r a d i e n t  i s  small  compared 

t o  t h e  mean f r e e  path of  t h e  neutrons i n  water everywhere except a t  t h e  

i n t e r f a c e .  

cause they a re  weighted by a water spectrum instead of  t h e  ac tua l  

spectra.  However, s ince narrow energy groups a r e  used, t h i s  should be 

smal l .  As a check upon t h i s  e f f e c t ,  an i d e n t i c a l  s e t  of c a l c u l a t i o n s  

was performed w i t h  u n i t  weight ing;  t h e  c o r r e c t e d  gfoup abso rp t i on  cross 

sec t i ons  ca l cu la ted  i n  t h i s  way d i f f e r e d  a t  most by t h r e e  percent  from 

those weighted by Poole 's spectrum. 

Some e r r o r  may a l s o  come i n t o  t h e  group cross sec t i ons  be- 

Figure 19 i s  an example o f  t h e  t h e o r e t i c a l  indium a c t i v a t i o n  

c a l c u l a t e d  from t h e  Sn 

Table 4. 

and t h e  f l u x  depression was assumed t o  be constant  f o r  a l l  p o i n t s  i n  

f l uxes  us ing equat ion ( 2 8 )  and t h e  data i n  

No f l u x  depression c o r r e c t i o n  was made anywhere i n  t h e  c a v i t y ,  



I 0- '5 

0 IO 20 30 40 50 60 

Distance from center,  c m  - 
Figure  19. -- Comparison of experimental and c a l c u l a t e d  indium f o i l  

a c t i v a t i o n  f o r  t h e  s i n g l e  sphere system w i t h  1.0 atmos- 
phere BF3 f i I  I ing. 
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TABLE 4 

GROUP ABSORPTION CROSS SECTIONS FOR I.Z-cm-diameter, .005- 
i nch - th i ck  INDIUM FOILS IN WATER: UNCORRECTED, CORRECTED FOR SELF- 

SHIELDING, AND CORRECTED FOR BOTH SELF-SHIELDING AND FLUX DEPRESSION 

Average Se l f - sh ie lded  F lux Depression 
a i  a i  a i  

Barns Barns Barns 

i - EHi 
Energy Range, ev 

Group Number. 
i 

I .3 

14 I O  - 30 24.3 15. I .9.3 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

3 - 10 

1 - 3  

60.0 

2504 . ( I  

44. I 33.3 

381. I 218.3 

.4 - I 137.3 119.3 103.9 

.2 - . 4  87.5 80.0 72.7 

76.7 . I 4  - .2 94.2 85.6 

. I  - .I4 
. .  

.07 - . I  

104.2 93.9 82.8 

117.4 104.7 90.5 

.04 - .07 

.02 - .04 

.01 - .02 

141.2 

183.6 

123.6 103.0 

156;O 

204.2 

121.2 

251.4 143.2 

170.7 
I 

.004 - .01 362.5 

599.4 

275.3 

400.7 .001 - ,004 209.4 

t h e  water. Th is  i s  no t  c o r r e c t  near t h e  i n t e r f a c e  e i t h e r  i n  t h e  water 

o r  i n  t h e  c a v i t y .  For c a v i t y  f o i l s  located w i t h i n  a few foil diameters 

o f  the i n te r face ,  some f l u x  depression would e x i s t ,  and so t h e  a c t i v a -  

t i o n  the re  would a c t u a l l y  be less than t h a t  g i ven  by equat ion (281, 
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a c t  

v a t  

for  

i n  

da 

i s  

For in-water f o i l s  located so near t h e  i n t e r f a c e  t h a t  some of  t h e  neu- 

t r o n s  passing through them could a l s o  have passed through t h e  c a v i t y ,  

t h e  f l u x  depression c o r r e c t i o n  i s  t o o  grea t ,  and thus  t h e  ac tua l  

a c t i v a t i o r ?  would be less  than i s  g i ven  by equat ion  (28) .  I t  i s  

reasonable t o  expect t h e  f o i l  a c t i v a t i o n  t o  be continuous across t h e  

i n te r face ,  wh i l e  t h e  use o f  a cons tan t  c o r r e c t i o n  fo r  a l l  p o i n t s  i n  

a reg ion  causes the  ca lcu la ted  a c t i v a t i o n s  t o  be discont inuous. Thus, 

near t h e  i n t e r f a c e  i n  F igu re  19, dashes a re  used t o  show t h e  c a l c u l a t e d  

vat ion,  w h i l e  t h e  do t ted  l i n e s  show a guess of what t h e  f o i l  a c t i -  

on might be i f  t h e  c o r r e c t  f l u x  depression f a c t o r s  cou ld  be found 

these po in ts .  

The c a l c u l a t e d  a c t i v a t i o n  does n o t  inc lude neutrons above 100 ev 

r s t  f i v e  experimental 

r i u t e  a c t i v i t y  which 

amount of  t h e  cor rec-  

um-covered f o i  I s 

t h e  unmoderated 

energy, and so a c o r r e c t i o n  was made t o  t h e  f 

a p o i n t s  t o  sub t rac t  t h e  smal l  amount of 54-m 

caused by f a s t  neutrons from t h e  source. The 

t i o n  was determined exper 

which had been i r r a d i a t e d  

source . 

men ta l l y  by count ing  cadm 

a t  var ious distances from 

. 
The experimental a c t i v a t i o n s  agree w i t h  t h e  c a l c u l a t e d  a c t i v a t i o n .  

However, it cannot be s t a t e d  d e f i n i t e l y  t h a t  t h e  agreement between 

experiment and theory  i s  b e t t e r  than i n  F igure  4 ,  where experimental 

f l u x  i s  compared t o  t h e o r e t i c a l  f l u x  for  t h e  same system. The d i f -  

ference between these two comparison methods i s  sma l le r  than t h e  ex- 

per imental  unce r ta in t i es ,  especJal ly t h e  asymmetry of t h e  source 

emission and t h e  pe r tu rb ing  e f f e c t  o f  t h e  through-tube. 
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CAUSES OF THE PEAKING PHENOMENON 

Two poss ib le  causes o f  t h e  peaking phenomenon have been mentioned 

i n  previous sect ions.  These w i l l  be summarized here, and a t h i r d  

e q u a l l y  probable cause w i l l  be c i t e d .  

F i r s t  it must be mentioned t h a t  t h e  exper imental  work i s  d i v i d e d  

c h r o n o l o g i c a l l y  i n t o  two per iods.  The work done i n  t h e  f i r s t  p e r i o d  

i s  described i n  reference 1. The more recent  work used t h e  same four.- 

p i  gas f low counter and t h e  same i r r a d i a t i o n  procedure, b u t  t h e  count- 

ing  procedure and data reduc t i on  methods were q u i t e  d i f f e r e n t .  The 

l a t t e r  have been descr ibed above. None o f  t h e  exper imental  f l u x e s  

I n  t h e  second p e r i o d  show peaking a t  t h e  cen te r  o f  t h e  sphere, a l though 

t o  those which some o f  the sphere systems measured were i d e n t i c a  

. showed peaking i n  t h e  f i r s t  per iod.  

One suspected cause o f  peaking i s  t h e  asymme r y  o f  t h e  Pu-Be 

source. Such asymnetry probably would cause t h e  a c t i v a t i o n s  measured 

I n  t h e  through-tube t o  be g r e a t e r  i n  t h e  cen te r  and less a t  t h e  i n t e r -  

face than would be measured w i t h  a symmetric sou&. 

u n l i k e l y  t h a t  t h i s  was t h e  o n l y  o r  t h e  major cause, s ince  t h e  same 

source was used i n  both per iods.  

- 
However, it i s  

The Sn and age- in tegra l  t r a n s p o r t  s o l u t i o n s  show t h a t  h i g h l y  

absorbing deposi ts  a t  t h e  i n t e r f a c e  do cause peaking toward t h e  center.  

There may have been deposi ts  o f  boron on t h e  i n s i d e  o f  t h e  sphere; 

e a r l y  i n  the f i r s t  experimental p e r i o d  a leak developed i n  t h e  s i n g l e  

sphere system w i t h  one atmosphere of  BF3 f i l l i n g .  When t h e  leak 
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was discovered t h e  sphere was near 

t h e  gas had reacted w i t h  the water 

1 :  

I :  

y h a l f  frill of  water and a i l  of 

I t  i s  l i k e l y  t h a t  some o f  t h e  

r e a c t i o n  products  of BF3 and water form i n s o l u b l e  compounds w i t h  

aluminum. The measurements were cont inued a f t e r  t h e  leak had been 

repa i red  and t h e  i n s i d e  of the sphere had been washed w i t h  de ion ized 

water and a i r  d r i e d .  

aluminum hemispheres f o r  the more recent  exper imental  work and t h i s  

cou ld  e x p l a i n  why no peaking i s  observed i n  t h e  thermal f l u x e s  

measured i n  t h e  second period. On t h e  o t h e r  hand, t h e  shape o f  t h e  

peaking c a l c u l a t e d  by t h e  two t h e o r e t i c a l  methods i s  q u i t e  d i f f e r e n t  

than t h a t  which was observed exper imenta l l y  (compare F igures 14 and 

15 t o  F igure  20).  

A new s i n g l e  sphere system was made w i t h  new 

The t h i r d  p o s s i b i l i t y ,  which has n o t  been mentioned u n t i l  now, 

i s  t h a t  some e r r o r s  may have been involved i n  t h e  c o r r e c t i o n  of  t h e  

a c t  i v a t  i on  data m i h e  4-1/2 hour a c t  i v i  t y  o f  i nd i urn- I 15. 

por ted  i n  re ference I, t h e  amount o f  t h i s  a c t i v i t y  was found by 

t a k i n g  repeated counts o f  a few f o i l s  which had been i r r a d i a t e d  w i t h  

As was re-  

cadmium covers, so t h a t  t h e  shape o f  t h e  decay curve cou ld  be found. 

The r e l a t i v e  f r a c t i o n s  o f  4-1/2 hour and 54-minute a c t i v i t y  f o r  cad- 

mium-covered f o i l s  cou ld  then be found. The assumption was made t h a t  

t h e  amount o f  

o n l y  upon i r r a d i a t i o n  p o s i t i o n  and i r r a d i a t i o n  t ime, and n o t  upon BF3 

pressure o r  whether t h e  f o j l  was covered w i t h  cadmium d u r i n g  i r r a d i -  

a t i o n .  I t  i s  p o s s i b l e  t h a t  t h e  c o r r e c t i o n  f a c t o r s  used were n o t  

s u f f i c i e n t ,  o r  were no t  appl ied p r o p e r l y  t o  t h e  exper imental  data.  

4-1/2 hour a c t i v i t y  which was produced was dependent 
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mental thermal f I uxes from reference 6 showing t h e  
ng' e f f e c t  i n  t h e  cen te r  o f  t h e  c a v i t y .  
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Sii ice t h e  f a s t  neutrons which cause t h e  4-1/2 hour a c t i v i t y  come from 

t h e  source, I t  would be expected t h a t  t h e  amount o f  t h i s  a c t i v i t y  

would f a l l  o f f  as l / r2 a t  distances from the source l a rge  enough 

t h a t  t h e  source looks l i k e  a p o i n t  source. Th is  p o s s i b i l i t y  seems 

l i k e l y ,  s ince  t h e  d i f f e rence  between t h e  experimental data and a f l a t  

f l u x  i n  t h e  c a v i t y  goes roughly as l /r2 . 
i n  the  second pe r iod  used a more r e l i a b l e  method f o r  c o r r e c t i o n  f o r  

t h i s  a c t i v i t y ,  and thus  such peaking, i f  it i s  due t o  4-1/2 hour 

h a l f l i f e  a c t i v i t y ,  would not be found i n  those data. 

The data reduc t ion  method 

I n  summary, t h i s  work has found t h r e e  p o s s i b l e  causes f o r  t h e  

peaking phenomenon repor ted  i n  re fe rence I i t  has no t  been poss ib le  

t o  p i n p o i n t  any s i n g l e  cause. 

t h e o r e t i c a l  c a l c u l a t i o n s  and f u r t h e r  exper ments t h a t  t h e  peaking re- 

por ted  i n  reference I i s  not t h e  c o r r e c t  f l u x  shape i n  a water-BF3 

system w i t h  t h e  gas un i fo rmly  d i s t r i b u t e d  i n  t h e  c a v i t y  and Wi th  a 

un i fo rm ly  e m i t t i n g  source of  f a s t  neutrons a t  t h e  center .  

However, it has been es tab l i shed  by 
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CONCLUSIONS 

1 .  Thermal lux d i s t r i b u t i o n s  c a l c u l a t e d  by t h r e e  t h e o r e t i c a l  

methods were found t o  agree w i t h  those measured by indium 

a c t i v a t i o n  f o r  s i n g l e  sphere systems. For systems w i t h  t h e  

absorbing gas conf ined t o  a smal le r  i n t e r n a l  sphere, t h e  

t h e o r e t i c a l  f l uxes  agree w i t h  t h e  experiments o n l y  i n  t h e  

moderator and vo id  region, and no t  i ns ide  t h e  i n t e r n a l  sphere. 

I t  i s  suspected t h a t  t h e  exper lmental  data a re  i n  e r r o r  i n  t h i s  

pass i ng 

n te rna l  sphere, I n  wh ch t h e  indium 

region because o f  neutron 

through t h e  center  o f  the  

f o i l s  were located. 

2. The f l u x  shapes ca l cu la ted  

streaming i n  the  tube 

fus ion  theory  f l u x e s  a re  g r e a t e r  i n  magnitude f o r  a l l  sys 

and so d i f f u s i o n  theory c a l c u l a t i o n s  would be expected t o  

a lower c r i t i c a l  mass than S c a l c u l a t i o n s .  ,It i s  conc 
n 

by Sn theory  and d i f f u s i o n  theory  

were found t o  be q u i t e  s i m i l a r  f o r  s i n g l e  sphere systems and 

q u i t e  d i f f e r e n t  f o r  systems w i t h  i n t e r n a l  spheres. The d i f -  

ems, 

g i v e  

uded 

t h a t  the use o f  d i f f u s i o n  theory  i n  a c a v i t y  system i s  quest ion-  

a b l e  unless comparisons a re  f i r s t  made w i t h  a more r i go rous  

the0 r y  . 
3. The use o 

t r a n s p o r t  

which a r e  

somewhat 

age theory  i n  t h e  mode 

method f o r  t h e  c a v i t y  g 

c lose  t o  those found by 

ower f l uxes  i n  t h e  abso 

a t o r  coupled w i th  an i n t e g r a l  

ves thermal f l u x  d i s t r i b u t i o n s  

Sn ca l cu la t i ons ,  b u t  w i t h  

b ing  gas. I t  i s  be l i eved  t h a t  
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t h i s  i s  due t o  t h e  use o f  a s i n g l e  average thermal absorp t ion  

cross sec t i on  for  the  gas i n  the  i n t e g r a l  t r a n s p o r t  s o l u i i o n ,  

which d i d  no t  take  i n t o  account t h e  d i f f e r e n c e  i n  thermal neu- 

t r o n  spectrum between the  c a v i t y  and moderafor. 

The mu l t i g roup  Sn c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e r e  i s  a con- 

s ide rab le  change i n  thermal neutron spectrum i n s i d e  t h e  c a v i t y  

and thus  t h a t  using a ' I mul t ig roup cross s e c t i o n  s e t  w i t h  

o n l y  one thermal group would be i n c o r r e c t  unless t h e  spectrum 

were known i n  advance. 

A comparison o f  t h e o r e t i c a l  indium fo i  I a c t i v a t i o n  w i t h  exper i -  

mental f o i l  a c t i v a t i o n  was attempted. I t  was n o t  poss ib le  t o  

judge d e f i n i t e l y  whether t h i s  method o f  comparison i s  b e t t e r  

than comparing experimental f luxes with t h e o r e t i c a l  f l u x e s  be- 

cause o f  experimental pe r tu rba t i ons  caused by t h e  presence of 

t h e  through-tube and asymmetry i n  t h e  f a s t  neutron emission of  

t h e  Pu-Be source. 
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NOMENCLATURE 

Atomic mass 

D i f f u s i o n  c o e f f i c i e n t  i n  reg ion  x 

Low energy I i m i t  o f  energy group 1 

High energy l i m i t  o f  energy group I 

F r a c t i o n  of  neutrons i n  t h e  source spectrum which are i n  
group 1 

Neutron energy spectrum used as a wefght ing f u n c t i o n  I n  
an i n teg ra t  ion 

Neutron f l u x  

F lux  due t o  a point source of  neutrons i n  a moderator 
w i t h  no c a v i t y  

F lux i n  t h e  moderator due t o  a p o i n t  source o f  neutrons 
a t  t h e  center  of a spher ica l  vo id  

n e t  c u r r e n t  i n t o  i n t e r l o r  
f I ux a t  i n t e r i o r  boundary I n t e r i o r  greyness = 

F r a c t i o n  of  sca t te r i ngs  I n  energy group i which r e s u l t  
i n  an energy change such t h a t  t h e  r e s u l t a n t  neutron 
energy i s w i  t h i  n the  I i m i  t s  of  energy group J 

Magnitude o f  emission o f  a source of ,neutrons a t  .r 

Radius of  o u t e r  sphere 

Radius of inner  sphere 

Rad 1 us o f  source 

Neutron source i n  energy group ' I  

Energy dependent macroscopic cross s e c t i o n  

Energy dependent microscopic  c ross  s e c t l o n  

Average cross sec t i on  i n  energy group I 

Neutron energy 

Thermal neutron d i f f u s i o n  length 
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f o r  group i t imes I .  ‘i+j cS I +j 

f o r  group i t imes l i+ j  
O i +Li OS 

T e f f e c t  i ve but on 
E f f e c t i v e  neutron temperature o f  a Maxwel l ian d i s t r i -  

Average temperature o f  a l  I neutrons i n  energy group i Ta 

Ta 
Average temperature o f  a l  I t h e  neutrons i n  groups 19 
through 26 i n  t h e  energy group s t r u c t u r e  used here 

T ( E )  Age t o  t h e  1.457 ev indium resonance as a f u n c t i o n  of  
energy 

Average age t o  t h e  indium resonance i n  
? 

upscat te r ing  S c a t t e r i n g  of  neutrons which r e s u l t s  i n  a n e t  Increase 
i n  neutron energy 

V Neutron ve I oc i t y  

Subscr i p t s  : 

a Absorpt ion 

i Average f o r  group i 

r Rernova I from erie r y y  y roup 

S Scat te r ing  

t Tota I 

‘ tr Transpor t  
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Appendix A 

Neutron L i  fe t ime Measurements 

The mean neut ron  l i f e t i m e  o f  two systems were measured us ing  

a pulse-neutron technique. 

and o n l y  a few measurements were made t o  determine an approximate 

l i f e t i m e  va lue  fo r  these systems. The systems examined were t h e  

s i n g l e  sphere w i t h  0.5 atmosphere o f  BFj  and t h e  n i n e  i nch  i n n e r  

sphere system w i t h  an a i r  f i l l i n g .  

A complete s tudy  was n o t  undertaken 

The neutron source was a pulsed deuteron beam on a t r i t u ! m  

t a r g e t  us ing  a 400 KEV Van de Graaf f  a c c e l e r a t o r  as t h e  deuteron 

beam generator.  The acce le ra to r  beam tube was moved through a 

p o r t h o l e  i n  t h e  water tank  and brought  t o  t h e  sphere sur face ,  

The idea l  p o s i t i o n  o f  t h e  t a r g e t  would have been t h e  cen te r  o f  t h e  

sphere system b u t  t h i s  was n o t  poss ib !e .  Furthermore, t h e  decay 

o f  t h e  system i s  considered t o  be independent of  t h e  p o s i t i o n  o f  

t h e  pulsed source once t h e  h igher  harmonics a r e  gone. 

Both BF p ropor t i oned  counters and a neut ron  s c i n t i l l a t i o n  3 

c r y s t a l  were used as de tec tors ,  The s c i n t i l l a t i o n  c r y s t a i  system 

was p r e f e r r e d  because i t  had a h i g h e r  count ra te ,  b u t  because o f  

i t s  bu lky  geometry, i t  cou ld  on ly  be used i n  t h e  water and pot i n s i d e  

t h e  c a v i t y .  The r e s u l t s  obtained w i t h  e i t h e r  d e t e c t o r  a t  t h e  same 

p o s i t i o n  agreed w e l l .  The de tec to r  s i g n a l s  were fed  i n t o  a TMC 

model CN 110, 256 channel ana lyzer  w i t h  a t i m e  ana lyzer  p l u g - i n  

u n i t  a long w i t h  t h e  t r i g g e r i n g  pu lses  from t h e  neut ron  genera tor ,  

The channel w id th  used was 50 microseconds. 
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F igu re  A-1 g i v e s  t h e  major  r e s u l t s  o f  t h e  measurements w i t h  

t h e  s imp le  sphere w i t h  0.5 atmosphere o f  BF 3 '  

microseconds was ob ta ined a t  t h e  sphere c e n t e r  u s i n g  a BF 3 coun te r  

i n  t h e  through-tube. 

t h e  cav i ty -water  i n t e r f a c e  was reached. The l i f e t i m e  was very  

s e n s i t i v e  t o  p o s i t i o n  i n  t h i s  reg ion  and dropped r a p i d l y  as t h e  

p o s i t i o n  was moved i n t o  t h e  water up t o  a d i s tance  o f  about two t o  

t h r e e  inches from t h e  sphere sur face .  The l i f e t i m e  va lue  then  

s t a b i l i z e d  t o  about 222 microseconds f o r  t h e  n e x t  few inches. The 

va lue  i n  t h e  water shown i n  F igure  A - l  was taken a t  a d i s tance  of  

about f o u r  inches from t h e  sphere sur face .  As a comparison, t h e  

c a l c u l a t e d  l i f e t i m e  f o r  an i n f i n i t e  system o f  water i s  206 mic ro-  

seconds and fo r  an i n f i n i t e  system of  BF a t  0.5 atmosphere pressure  

i s 452 m i  croseconds. 

A va lue  o f  343 

T h i s  va lue  d i d  n o t  change s i g n i f i c a n t l y  u n t i l  

3 

The a 

presented 

a t  t h e  cen 

water. On 

r f i l l e d ,  n i n e  inch, i nne r  sphere system gave r e s u l t s  

n F i g u r e  A-2. 

er, a t  t h e  i nne r  i n t e r f a c e ,  a t  t h e  o u t e r  i n t e r f a c e ,  and i n  

y one curve  i s  shown fo r  t h e  i n t e r n a l  measurements s i n c e  

Data were taken a t  f o u r  d i f f e r e n t  p o s i t i o n s :  

t hey  were a l l  approx mate ly  t h e  same. As expected t h e  l i f e t i m e  i n s i d e  

t h e  sphere was very  ong: 881 microseconds a t  t h e  c e n t e r  and 924 

microseconds a t  t h e  nner i n t e r f a c e .  The l i f e t i m e  dropped o f f  

sha rp l y  a t  the  water boundary t o  g i v e  a va lue  of 252 microseconds 

a t  a d i s tance  o f  f o u r  inches from t h e  sphere sur face .  

curve  showed a s i g n i f i c a n t  d e v i a t i o n  from t h e  expected exponen t ia l  

decay s t a r t i n g  about 450 microseconds a f t e r  pu l se  c u t o f f .  

i n t e r p r e t a t i o n  of t h e  s lower  decay i s  t h a t  t h e  c a v i t y  i s  a c t i n g  as a 

n e t  source o f  neutrons and t h e  decay curve  shows what m igh t  be termed 

" i n n e r  sphere re tu rn . "  

The in -water  

One p o s s i b l e  
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Appendix B 

SELECT 

A f t e r  t h e  s e l e c t i o n  

ON OF GROUP CROSS SECT ONS 

of  a method o f  a t tack ,  t h e  f i r s t  problem i n  

any nuc lear  r e a c t o r  c a l c u l a t i o n  i s  t h e  s e l e c t i o n  of t h e  c ross  sec t i ons  

and o t h e r  nuc lear  data which a r e  used by t h e  method. For Sn and 

d i f f u s i o n  theory ca l cu la t i ons ,  these data a re  i-he mul t ig roup c ross  

sec t ions  and t h e i r  associated s c a t t e r i n g  mat r ices .  For age ca l cu la -  

t i ons ,  t h e  age from t h e  source energy t o  thermal i s  needed, as we 

as t h e  cross s e c t i o n  data t o  descr ibe  t h e  thermal neutrons. 

I n  t h e  Sn and mult igroup d i f f u s i o n  c a l c u l a t i o n s  done here, 

cross s e c t i o n  requirements e x i s t e d  which cal l ed  f o r  a mu l i i g roup  

d i f f e r e n t  from those which are most o f t e n  used f o r  

t l o n s .  Most cross s e c t i o n  sets a v a i l a b l e  i n  t h e  I 

upon a f i s s i o n  neutron spectrum, which i s  very d i f  

I 

two 

e -t 

r e a c t o r  c a l c u l a -  

t e r a t u r e  a r e  based 

e r e n t  f r o m  t h e  

plutonium-beryl I i u m  source spectrum (see F igure  I f o r  a comparison o f  

these spec t ra ) .  

i n  t h e  h ighe r  energy groups by t h e  f i s s i o n  spectrum, these s e t s  have 

I n  a d d i t i o n  t o  t h e  we igh t ing  o f  t h e  cross sec t i ons  

t h e  added disadvantage o f  having t o o  coarse a groub s t r u c t u r e  i n  t h e  

Mev range t o  descr ibe t h e  Pu-Be spectrum. 

one group over which t o  average t h e  cross sec t i ons  o f  a l  I neutrons 

above 3 Mev i n  energy. As can be seen i n  F igu re  I, t h i s  would be 

s u f f i c i e n t  fo r  a f i s s i o n  spectrum s i n c e  o n l y  a small f r a c t i o n  o f  

f i s s i o n  neutrons have t h i s  high energy. Most o f  t h e  neutrons i n  the  

plutonium-beryl1 um spectrum a r e  above 3 Mev i n  energy, however, 

and a considerab e f r a c t i o n  are  i n  t h e  6 t o  I O  Mev range. 

Most such se ts  have o n l y  
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The second requirement i s  t h a t  t h e  mu l t i g roup  cross s e c t i o n  s e t  

t o  be used must g i v e  a good d e s c r i p t i o n  o f  neutron t h e r m a l i z a t i o n .  

This  means t h a t  t h e  thermal energy range should be d i v i d e d  up i n t o  

severa I groups, w i t h  up- and down-scatteri  ng between these groups. 

Th is  Is necessary because a considerable change i n  neutron spectrum 

can be expected between t h e  water and t h e  h i g h l y  absorbing BF3 gas 

i n  t h e  c a v i t y .  Furthermore, t h e  absorpt ion cross s e c t i o n  of boron 

v a r i e s  by near l y  a f a c t o r  o f  f e n  from t h e  lower t o  t h e  upper energies 

o f  t h e  thermal spectrum, so a one-thermal-group, average va lue f o r  

t h i s  cross s e c t i o n  i s  not  j u s t i f i e d .  I n  a d d i t l o n  t o  p e r m i t t i n g  a more 

accurate c a l c u l a t i o n  o f  thermal neutron f l u x ,  t h e  group f l u x e s  gener- 

a ted w l t h  a cross sec t i on  s e t  having many groups i n  t h e  thermal range 

would g i v e  a good idea o f  t h e  neutron spectrum i t s e l f .  

The se t  used i n  t h e  c a l c u l a t i o n s  was based on A 23-Group Neutron 

Thermal izat ion Cross Sect ion L ib ra ry ,  by R. D. Doctor and M. A.  B o l i n g  

o f  Atomics I n t e r n a t i ~ n a l ~ ~ .  

Hansen-Roach s e t  f o r  f a s t  and in termediate reactors28;  it was ex- 

This  l i b r a r y  i s  an extens ion o f  t h e  

tended t o  Inc lude neutron t h e r m a l i z a t i o n  by t h e  ad 'd i t ion o f  n i n e  

groups which contained both up- and down-scattering, and which covered 

t h e  energy range from .001 t o  .2 ev. 

The group s t r u c t u r e  i n  t h e  Mev range was t o o  coarse t o  descr ibe 

This  was co r rec ted  by r e c o n s t r u c t i n g  t h e  t h e  Pu-Be source spectrum. 

group s t r u c t u r e  a t  t h e  h igh  energy end, as fo l lows:  



. 

. 

O l d  Set 

Group No. Energy 

I 3.0 - 00 Mev 
2 1.4 - 3.0 
3 0 . 9  - 1.4 

New Set 

Group No. Energy 

I 8.0 - 10.5 Mev 
2 6.5 - 8.0 
3 4.0 - 6.5 
4 2.5 - 4.0 
5 1.4 - 2.5 
6 0.9 - 1.4 

(Groups 6-26 o f  t h e  new s e t  are i d e n t i c a l  t o  3-23 o f  t h e  o l d  s e t ) .  

I n  o r d e r  t o  f i n d  cross sec t ion  values f o r  these new groups, cross 

sec t  i on  data were taken from BNL-325, UCRL-535 I , and UCRL-5226. These 

data were group averaged i n t o  t h e  new group s t r u c t u r e  by t h e  numerical 

eva lua t i on  o f  t h e  i n t e g r a l  

c 

I 

rEH i 

where EHi and ELi a re  the  upper and lower energy l i m i t s  o f  group 

i, u(E) i s  t h e  energy-dependent cross s e c t i o n  data, and F(E), t h e  

neutron energy spectrum, i s  taken as I/E*. The new elements o f  t h e  

s c a t t e r i n g  ma t r i x ,  g i v i n g  the  f r a c t i o n  o f  neutrons sca t te red  from 

I 

*For neutrons from a monoenergetic source s lowing  down i n  a weakly 
absorbing moderator, t h e  asymptotic energy spectrum goes as I/E. Th is  
spectrum i s  approached c l o s e l y  a f t e r  a few c o l l i s i o n s  i n  oxygen, and 
i s  reached a f t e r  t h e  f i r s t  c o l l i s i o n  i n  hydrogen. 
source i s  no t  monoenergetic, t h i s  i s  o n l y  an approximat ion and i s  
j u s t i f i e d  o n l y  because t h e  energy groups a re  narrow. 
f o r  F(E) might be found e i t h e r  by Monte Car lo  o r  i t e r a t i v e  m u l t i -  
group ca l cu  l a t  ions. 

Since t h e  Pu-Be 

A b e t t e r  choice 
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group t o  group were c a l c u l a t e d  by eva lua t  

p i n  (EHiJEL 

I i-+i+I 

ng t h e  

/a 1 

n teg ra  

'EL i rHi io dEo 

i 

i s  t h e  f r a c t i o n  o f  neutrons A -  where a = (- A + :I2 J and 

sca t te red  from t h e  i t h  t o  t h e  i p l u s  f i r s t  group. Th is  was suf -  

f i c i e n t  fo r  a1 I m a t e r i a l s  except, hydrogen, f o r  which s c a t t e r i n g  t o  

I i + i + l  

a l l  lower energy groups i s  poss ib le .  For hydrogen t h e  o t h e r  s c a t t e r -  

ing  m a t r i x  elements were c a l c u l a t e d  from t h e  r e l a t i o n  

EHi  + k - EL i  + k 
(83) --e 

I i+ i+k I i+i+l 
ELi 

The 23-group I i b ra ry  o f  Doctor and Bo1 ing c o n t a l  ns a l  I of t h e  

isotopes needed f o r  t h e  c a l c u l a t i o n  except f l u o r i n e ,  tantalum, mag- 

- anese and plutonium. Cross sec t i on  d a t a  f o r  groups I through 6 . f o r  

these elements were generated i n  t h e  same way as f o r  those which were 

present, as descr ibed above. The same method was used t o  generate 

data f o r  groups 7 through 17 f o r  manganese and tantalum, w h i l e  data 

f o r  f l u o r i n e  and plutonium i n  these groups was a v a i l a b l e  from t h e  

o r i g i n a l  Hansen-Roach s e t  i n  re fe rence2*  . 
Group t o t a l  cross sec t i ons  f o r  t h e  n ine  thermal groups were 

c a l c u l a t e d  by numerical i n t e g r a t i o n  o f  t h e  formula 
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r i  L 

[‘Hi 
F(E)dE 

J 

ELi 

wlwre a ( [ )  i s  t a b u l a r  data from BNL-325 and i t s  supplements and 

f-(E) i s  Poole’s experimental thermal neutron spectrum f o r  water 

(see Fiqure161, which i s  t h e  spectrum t h e  authors o f  t h e  23-group 

I i b r a r y  used t o  c a l c u l a t e  t h e i r  water cross s e c t i o n  data . . Th is  

sect ions.  On t h e  bas is  of thermal croLis 

a, fo r  maqanese and f l u o r i n e  was taken 

s t i  I I gave o n l y  t o t a l  cross 

s e c t i o n  data from ANL-5800, 

as l / v  and us was c a l c u  

ta lum as was assumed cons 

ated,as ut - a,. For p lu ton ium and tan-  

ant and a, was c a l c u l a t e d  as a t  - as . 
Since energy t r a n s f e r  i n  t h e  s c a t t e r i n g  o f  thermal neutrons by 

a t m s  i s  p r i m a r i l y  dependent on atomic weight,  thermal s c a t t e r i n g  

mat r ices  for these four  missing elements were der ived  from those of 

elements which were present  i n  t h e  23-group l i b r a r y .  The 

s c a t t e r i n g  m a t r i x  of  plutonium was assumed t o  be t h e  same 

and t h a t  of manganese was assumed t o  be t h e  same as i r o n  

therma I 

as u 2 3 5  

The atom C 

weight o f  Mn i s  54.9, compared t o  55.8 fo r  Fe).  The thermal s c a t t e r -  

ing m a t r i x  o f  f l u o r i n e  was based on oxygen and t h a t  o f  tanta lum on 

U235 , b u t  it was m o d i f i e d  s l i g h t l y  t o  make up f o r  t h e  d i f f e r e n c e  i n  

atomic weight. 

A ’ i+i I s  t h e  diagonal ,  or s e l f - s c a t t e r i n g ,  element o f  t h e  scat -  

t e r i n g  m a t r i x  o f  isotope A ,  and thus  i s  t h e  p r o b a b i l i t y  t h a t  a neu- 

t r o n  does n o t  e n t e r  a d i f f e r e n t  energy group upon s c a t t e r i n g  from an 
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atom o f  t h i s  isotope. 

d i f f e r e n ?  energy group i s  

two d i f f e r e n t  isotopes A and B , t h e  r a t i o  RAB = ( 1  - 

p r a c t  i ca I I y constant over t h e  group s t r u c t u r e  for groups 

1-17. This r a t i o  was a l s o  observed t o  be roughly constant  f o r  groups 

The probabi I i t y  t h a t  t h e  neutron does e n t e r  a 

A 
( l - l i+ i )  . I t  was observed t h a t  f o r  any 

i s  

(I - I$+i 

18-26 f o r  most o f  t h e  elements i n  t h e  l i b r a r y .  Assuming t h e  same 

r a t i o  t o  ho ld f o r  a l l  groups, i f  B were an isotope f o r  which t h e  

s c a t t e r i n g  m a t r i x  elements wore known, and i f  those for  A were 

. 13 
unknown, then a rough correct - ion could be made tha t  

excapt f o r  t h e  case when k = 0 ,  f o r  which l;+i=i-R ( 1 - 1  1 . I1 

was found from t h e  o t h e r  data i n  t h e  I i b r a r y  t h a t  t h e r e  was an i n -  

=R I ‘ i + i + k  AB i -+i+k’ 

H 
AB i-ti 

- - 

crease of  32 percent i n  o f f -d iagonal  s c a t t e r i n g  m a t r i x  elements go ing 

from uranium t o  tantalum, and a decrease o f  18 percent  going from 

oxygen t o  f l u o r i n e .  

This i s  a rough c o r r e c t i o n  a t  best, and i t s  v a l i d i t y  w i l l  de- 

crease as t h e  d i f f e r e n c e  i n  atomic weiqht increases. Such a co r rec -  

t i o n  w i l l  not ,  of course, be v a l i d  a t  a l l  when 

a re  i n  d i f f e r e n t  phys ica l  forms, as, f o r  examp 

and a gas. 

Although some a r b i t r a r i n e s s  e x i s t s  i n  t h e  

these four miss inq elements, t h e i r  u l t i m a t e  va 

isotopes A and B 

e, a metal 

e 

cross sect  

ues should 

i c  s o l i d  

ons o f  

have l i t t l e  

e f f e c t  on t h e  f i n a l  f l u x  d i s t r i b u t i o n s .  For example, t h e  element 

f l u o r i n e  occurs o n l y  i n  t h e  gas BF, , i n  which both t h e  abso rp t i on  

and s c a t t e r i n g  cross sec t i ons  o f  f l u o r i n e  a re  small compared w i t h  t h e  

absorpt ion cross s e c t i o n  of boron. The meta ls  plutonium, maganese, a 
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aiid tan ta lum a re  homogenized together  w i t h  t h e  i ron ,  n i c k e l ,  chromium, 

and be ry l  1 ium i n t o  a smal I source metal sphere a t  t h e  cen te r  of t h e  

c a v i t y ;  t h i s  sphere o f  source meta ls  i s  nea r l y  "black" t o  thermal 

neutrons, so some small e r r o r  i n  t h e  c ross  sec t i ons  o f  a few of  t h e  

elements can be to le ra ted .  

The plutonium i n  t h e  source was considered t o  be non-f issionable,  

s ince  t h e  f a s t  f i s s i o n  i n  the  p lu ton ium i s  a l ready  taken i n t o  account 

i n  t h e  source spectrum 4 ,  and t h e  thermal neutron f I ux, which i s  much 

less  than t h e  f a s t  f l u x ,  i s  at tenuated by t h e  o u t e r  s h e l l s  o f  s t a i n -  

less  s t e e l  and tantalum. 
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APPENDIX C 

SOURCE EMISSION ASYMMETRY 

AND I T S  EFFECT UPON THE EXPERIMENTAL FLUX DlSTRlBUT 

When the experimental p r o j e c t  was f i r s t  undertaken, i 

ONS 

was 

assumed t h a t  t h e  emission of f a s t  neutrons from t h e  plutonium-beryl-  

l ium source, when observed a t  la rge  distances, would be c l o s e  t o  t h a t  

o f  a p o l n t  source. I t  was l a t e r  found t h a t  t h i s  was no t  t rue ,  so 

t h a t  t h e  experimental r e s u l t s  may be somewhat I n  e r r o r ,  I n  t h i s  

appendix, measurements o f  t h e  magnitude of t h i s  source asymmetry a re  

reported, and some conJectures a re  presented as t o  t h e  e f f e c t s  t h i s  

asymmetry might have on t h e  experimental data. 

As a check on t h e  magnitude o f  t h e  source asymmetry e f f e c t ,  t h e  

f a s t  neutron f l u x  was measured a t  p o s i t i o n s  on t h e  o u t e r  sphere sur-  

face. 

i n t e r n a l  sphere. 

meter above f l o o r  leve l  t o  reduce neutron backscat ter .  The d e t e c t o r  

was a 5 mm-thick L i l ( E u )  s c i n t i l l a t i o n  c r y s t a l  w i t h  p h o t o m u l t i p l i e r ;  

count ing was done w i t h  an RlDL sca le r .  

shown i n  Figure C I, where t h e  through-tube corresponds t o  t h e  x-axis, 

measurements were taken by ho ld ing  t h e  azimuth angle 

Oo, 45' and 90° and vary ing t h e  c o l a t i t u d e ;  measurements were a l s o  

made by hold ing t h e  c o l a t i t u d e  4 = 67-1/Z0 and va ry ing  8. These 

data are presented i n  graphica l  form i n  F igu reC2 .  

These measurements were made on t h e  system con ta in ing  a 12-inch 

The cen te r  of  t h e  sphere was suspended about one 

. 
Using t h e  coord inate system 

8 constant  a t  



. 

X' 

Y 

Z 

Figure  CI . -- Coordinate system f o r  measuring source asymmetry. 

I t  was n o t  poss ib le  t o  make a measurement f o r i  0 = 0' and @ = 90' 

because of  t h e  presence o f  the through-tube, so e x t r a p o l a t i o n  i s  

necessary t o  e s t a b l i s h  t h i s  p o i n t  on t h e  graphs. 

po la ted  value, it i s  seen t h a t  t h e r e  i s  a t  l e a s t  a 30 percent  in-  

crease i n  source emission between t h i s  d i r e c t i o n  and 8 = 90' w i t h  

any a. As would be expected from source geometry, t h e  source seems 

t o  be symmetric i n  t h e  plane perpend icu la r  t o  t h e  through-tube. 

Using t h i s  e x t r a -  

P a r t  of t h e  asymmetry measured cou ld  be caused by t h e  sphere be ing  

s l i g h t l y  out-of-round. However, measurements of t h e  sphere dlrnensions 

i n d i c a t e  t h a t  any var iance o f  t h e  sphere r a d i u s  i s  less  than one 

cent imeter,  and probably much less.  Since t h e  sphere rad ius  i s  33.8 Cm, 

t h e  maximum change i n  count r a t e  expected i s  t hus  

o r  a s i x  percent change. Since a much g r e a t e r  change i s  observed i n  

t h e  count r a t e s  a t  d i f f e r e n t  l oca t i ons  on t h e  sphere surface, it must 

be concluded t h a t  most of the  asymmetry observed i n  F igu re  C2 i s  due 

t o  asymmetry i n  t h e  emission o f  t h e  source and i s  n o t  caused by t h e  

( 3 3 . 8  + 1.0l2 = 
(33 .812  
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Figure C2.  
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-- Change of fast neutron count rate as a function of 
azimuth and colatitude angles, showing the asymmetry 
of  the Pu-Be source emission. 



I .  

water agreed we 

For a phys 

fac ts ,  one shou d r e a l i z e  t h a t  t h e  thermal 

several mean f r e e  paths from any, boundary 

upon the  f a s t  f l u x  a t  t h a t  po int ,  and thus 

p o r t i o n a l  t o  t h e  source emission i n  t h a t  d 

shape o f  t h e  sphere. 

Dur ing the  experiments, It was f i r s t  s w p e c t e d  t h a t  t h e  emission 

o f  t h e  source was n o t  symnetric because f o i l  a c t i v a t i o n s  measured a t  

t h e  same d is tance from t h e  sphere sur face bu t  a t  d i f f e r e n t  angles w i t h  

respect t o  t h e  source a x i s  were d i f f e r e n t ,  

seemingly constan-t f a c t o r  a t  any g i v e n  rad ius  a t  l e a s t  an inch from 

t h e  sphere surface. 

They d i f f e r e d  by a 

A c t i v a t i o n s  anywhere on t h e  sphere su r face  i n  t h e  

I w i t h  each other,  however. 

ca l  explanat ion o f  these two apparent ly  c o n t r a d i c t o r y  

neutron f l u x  i n  water 

s almost whol ly  dependent 

i n  t h i s  system it i s  pro- 

r e c t i o n .  When t h e r e  i s  

l i t t l e  o r  no absorbing gas i n  t h e  sphere, t h e  thermal and epi thermal 

neutrons i n  t h e  water near the i n t e r f a c e  have been sca t te red  back and 

f o r t h  through t h e  sphere a number o f  t imes u n t i  I t h e i r  o r i g i n a l  

l oca t i ons  a r e  l o s t .  Thus the f4ux i n s i d e  t h e  sphere and a t  t h e  i n t e r -  

face i s  probably nea r l y  t h e  same as t h e  f l u x  due t o  a symmetr ica l ly  

e m i t t i n g  source o f  t h e  same average emission. When t h e  abso rp t i on  o f  

t h e  gas i n  t h e  sphere i s  greater,  fewer thermal n 

t h e  sphere repeatedly,  and so t h i s  'smoothing o u t  

f l u x e s  cou ld  be expected t o  a l esse r  degree. 

On t h e  bas i s  of t h e  above d iscuss ion,  it wou 

t h e  through-tube f o i l  a c t i v a t i o n s  would show some 

asymmetry, and t h a t  t h i s  would be more pronounced 

u t rons  pass through 

of  t h e  i n t e r  i o r  

d be expected t h a t  

s i g n  o f  t h e  source 

f o r  t h e  h i g h e r  pres- 
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. 
I sures of BF:, i n  t h e  s i n g l e  sphere system. Since t h e  through-tube 

f o i l s  are a l i g n e d  along t h e  a x i s  o f  t h e  source c y l i n d e r ,  and t h i s  

happens t o  be t h e  d i r e c t i o n  o f  minimum source emission, t h e  f o i l s  

t h e r e  are I i k e l y  t o  have a lower thermal a c t i v a t i o n  near t h e  i n t e r -  

face. Nearer t o  t h e  cen te r  o f  t h e  sphere, neutrons w i l l  pass through 

t h e  f o i l s  i n  r e l a t i v e l y  g r e a t e r  numbers from o t h e r  p a r t s  o f  t h e  sphere 

which present a g r e a t e r  source o f  thermal neutrons, so t h e  a c t i v a t i o n  

would be g rea te r  there.  This  may be one exp lana t ion  f o r  the. phenon- 

enon of  f l u x  peaking toward t h e  cen te r  o f  t h e  sphere which was re- 

po r ted  i n  reference 1 . .  An I n v e s t i g a t i o n  o f  t h e  magnitude of these 

e f f e c t s  could be done exper imenta l ly ,  o r  it cou ld  be done t h e o r e t i c a l l y  

w i t h  t h e  use of two-dimensional spher i ca l  r e a c t o r  codes. 

Since t h e  emission of t h e  source i s  asymmetric, it can be expected 

t h a t  t h e  experimental f l u x e s  measured i n  t h e  water a re  d i s t o r t e d  near 

t h e  in te r face .  I t  i s  hard t o  say how one could r e l a t e  t h e  f l u x e s  f a r  

o u t  i n  t h e  water w i t h  those measured i n  t h e  sphere and on t h e  surface. 

The s implest  way would be t o  assume t h e  measured f l u x e s  i n s i d e  t h e  

sphere were t h e  same as those due t o  a symmetric source, and c o r r e c t  

t h e  f l u x e s  f a r  o u t  i n  t h e  water by t h e  amount o f  asymmetry i n  t h e  
. 

d i r e c t i o n  the  f o i l s  were located. I f  t h e  experiment were t o  be done 

over, t h e  best way ( i n  l i e u  of g e t t i n g  a t r u l y  symmetric source) would 

be t o  take  experimental data o n l y  i n  those d i r e c t i o n s  which have t h e  

same emission from t h e  source as t h e  source emission averaged over a i l  

ang I 8s. 

I t  should be mentioned t h a t  w h i l e  t h e  data f o r  re ference I were 
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b 

c 

belng taken a check was made t o  determine whether t h e  f l u x  was t h e  

same i n s i d e  t h e  sphere a t  locat ions o t h e r  than t h e  through-tube. Th is  

was done by a t t a c h i n g  f o i l  holders t o  caps which screwed i n t o  t h e  

o u t e r  sphere o f  t h e  9-inch and 12-Inch inner  sphere systems. However, 

for several  reasons t h e  asymmetry o f  t h e  source was not observed. 

F i r s t ,  t h e  count ing procedure was n o t  as accurate a t  t h a t  t ime  as it 

has l a t e r  become. I t  was f u r t h e r  compl icated by t h e  f a c t  t h a t  t h e  

water had t o  be dralned from the  tank  t o  remove t h e  f o i l s ,  w.hlch re-  

s u l t e d  i n  a long delay t ime  between t h e  end o f  i r r a d i a t i o n  and t h e  

s t a r t  o f  count ing.  Also, such a check was n o t  p o s s i b l e  i n  t h e  s i n g l e  

sphere system, which, w i t h  largeqt  amounts 6f BF3 , i s  t h e  one which 

would be expected t o  show t h e  e f f e c t  of source asymmetry t h e  most. 

Thus t h e  data obta ined a t  t h a t  t ime  were n o t  found t o  d i f f e r  s t a t i s -  

t i c a l l y  from those measured i n  t h e  through-tube. 
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